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ABSTRACT
The components o f  a v ian  eg g s  have a t t r a c te d  the a t t e n t io n  
o f  w orkers from a l l  s c i e n t i f i c  f i e l d s  but s in c e  th e  e a r ly  d e s c r ip t iv e  
in v e s t ig a t io n s  most s tu d ie s  have been concerned  w ith  the fundam ental 
problem s o f  p r o te in  ch em istry ,m o lecu la r  b io lo g y ,  g e n e t ic s  e t c . ,  
r a th e r  than th e  o v e r a l l  c o n tr ib u t io n s  o f  th e s e  p r o te in s  to  th e w e ll  
b e in g  o f  th e  embryo. There i s  a la r g e  s c a t te r e d  l i t e r a t u r e  on the  
o ccu rren ce , ch em ica l and b io lo g ic a l  p r o p e r t ie s  and p h y lo g en etic  
t r a i t s  o f  egg w h ite  p r o te in s ;  t h i s  study b r in g s  to g e th e r  much o f  
t h i s  l i t e r a t u r e  and d e a ls  w ith  th e  p h y sico -ch em ica l p r o p e r tie s  o f  
th e s e  p r o te in s  w ith  r e sp e c t to  t h e ir  a n tim ic r o b ia l n a tu re . I t  a ls o  
p r e se n ts  a b r i e f  look  a t  th e  consequences o f  ir o n  d e p r iv a tio n  in  
m ic r o b ia l m etabolism , a s i t u a t io n  th a t  occu rs through th e  m eta l-  
c h e la t in g  p r o p e r t ie s  o f  albumen o v o tr a n s fe r r in .
S tu d ie s  were made on th e  a n t im ic r o b ia l mechanism o f  av ian  egg  
w h ite s , w ith  p a r t ic u la r  r e fe r e n c e  to  hen egg albumen, and the major 
c o n tr ib u to iy  fa c to r s  id e n t i f i e d .  The r e s p e c t iv e  in f lu e n c e s  o f  the  
two major b io lo g ic a l  p r o te in s  o f  egg albumen, lysozym e and 
o v o tr a n s fe r r in , were a s se s se d  u s in g  a wide range o f  m icro-organism s  
in c lu d in g  b a c te r ia  and y e a s t  v e g e ta t iv e  c e l l s  and b a c t e r ia l  endospores. 
In  th e  c a se  o f  b a c te r ia ,  two mechanisms o f  in h ib i t io n  by hen egg  
albumen, b a c t e r io s t a s i s  and a b a c t e r ic id a l  a c t i v i t y ,  were ob served . 
A lthough ir o n  d e p r iv a tio n  was shown to  be d ir e c t ly  r e sp o n s ib le  fo r  
both  o f  th e s e  mechanisms, a new in te r p r e ta t io n  o f  th e im portance o f  
high  a lk a lin e  pH in  p rev en tin g  m icr o b ia l scaven g in g  o f  t h i s  elem ent 
i s  proposed . The im portance o f  in cu b a tio n  tem perature and pH on 
th e se  mechanisms o f  in h ib i t io n  were dem onstrated .
The a n t im ic r o b ia l system  o f  av ia n  egg albumen i s  d isc u sse d  in
vu
r e la t io n  to  e q u iv a le n t  system s th a t occur in  mammalian serum and 
m ilk . F in a l ly  a p o s s ib le  p r a c t ic a l  a p p lic a t io n  o f  the a n t im ic r o b ia l  
mechanisms o f  a v ian  egg albumen was dem onstrated by in h ib i t io n  o f  
m icr o b ia l growth in  r e c o n s t itu te d  d r ied  baby fe e d  and the re lev a n ce  
o f  t h i s  ty p e  o f  system  in  d evelop in g  c o u n tr ie s  d isc u sse d .
INTRODUCTION
The b reed in g  su c c e ss  o f  b ir d s  i s  dependent in  part upon th e  
developm ent o f  an embryo in  a c l e ld o ic  (c lo se d -b o x )  egg (Needham,
1931) .  As i t  co n ta in s  a l l  th e  n u tr ie n ts  (e x c e p t  f o r  ojjygen) and 
w ater req u ired  f o r  p ren a ta l developm ent and th e  m aintenance o f  th e  
c h ic k  fo r  a few  hours or days a f t e r  h a tch in g , th e  egg can be regarded  
a s  a la r g e  in vestm en t o f  energy on the part o f  th e  fem a le . The sc a le  
o f  t h i s  in vestm en t i s  co n sid ered  to  have had a profound s e l e c t i v e  
in f lu e n c e  on fa c to r s  such a s  c lu tc h  s i z e ,  b reed in g  p er io d s e t c .
(Lack, 1968) .  Given th a t th ere  i s  a l im ite d  amount o f  energy a v a ila b le  
fo r  rep ro d u ctio n , t h i s  must be a l lo c a te d  o p tim a lly  to  eg g s , avoidance  
o f  p red a tio n  and c o m p e tit iv e  a b i l i t y .  The v u ln e r a b i l i t y  o f  th e  egg  
and a ls o  th e  p aren ts to  p red a tio n  has been a p p rec ia te d  but undue 
em phasis has been g iv e n  to  "m acro-predators” and l i t t l e  a t t e n t io n  to  
the mechanisms th a t p r o te c t  th e major food  r e se r v e , th e  y o lk ,  and the  
embryo from in f e c t io n  and breakdown by m icro-organ ism s.
A lthough th e  egg i s  s e l f - c o n ta in e d  w ith  r e sp e c t  to  w ater and 
n u tr ie n ts  th e  embryo * s requirem ent fo r  exchange o f  r e sp ir a to r y  g a se s  
r eq u ir es  a porous s h e l l .  As w i l l  be d isc u sse d  su b seq u en tly , th e s e  
pores can a llo w  m icro-organism s to  e n te r  th e egg and in f e c t  th e  
c o n te n ts . Thus a p r io r i  th ere  would appear to  be a need f o r  a 
d efen ce system  th a t  p r o te c ts  eggs in  th e  even t o f  t r a n s lo c a t io n  o f  
m icro-organ ism s a c r o ss  th e s h e l l .  The l i t e r a t u r e  co n ta in s  maqy 
r e fe r e n c e s  to  th e  a n t im ic r o b ia l fa c to r s  p resen t in  egg albumen, 
p a r t ic u la r ly  th a t  o f  dom estic h en s, b u t on ly  a t e n t a t iv e  d e s c r ip t io n  
o f  the album en's d efen ce  p o t e n t ia l  i s  p o s s ib le  because few s tu d ie s  
have been concerned w ith  th e  whole albumen and even few er w ith  th e  
in f lu e n c e  o f  tem perature on i t s  fu n c t io n in g . The fo llo w in g  l i t e r a t u r e  
rev iew  summarizes th e  r e le v a n t  in form ation  on th e  m icro b io lo g y  o f
eg g s, d is c u s s e s  in  d e t a i l  the p h y sico -ch em ica l p ro p er tie s  o f  the  
albumen p r o te in s  th a t  could c o n tr ib u te  to  the e g g 's  a n tim ic r o b ia l 
d efence and d e sc r ib e s  th e means whereby m icro-organism s acq u ire  
ir o n  when t h i s  elem ent i s  in  low c o n cen tra tio n .
In the p resen t study, th e  major emphasis was g iv en  to the  
behaviour o f  s e le c t e d  m icro-organism s in  albumen incubated  under 
v ariou s c o n d it io n s , the o v e r a l l  o b je c t iv e  b ein g  to  gain  in s ig h t  
in to  th e in te g r a te d  workings o f  th e  albumen in  th e  e g g 's  d e fen ce .
The search fo r  in h ib ito r s  o f  m ic r o b ia l growth th a t may a ls o  be 
e f f e c t i v e  a s  p r e se r v a t iv e s  o f  p e r ish a b le  fo o d s tu f f s  s t i l l  rem ains 
an area o f  a c t iv e  resea rch . Thus, th e  p o s s ib le  use o f  the album en's  
defence mechanisms in  food p r e se r v a tio n  was a ls o  con sid ered . Indeed  
t h is  c o n s id e r a t io n  i s  r e f le c t e d  in  th e  s e le c t io n  o f  the m icro­
organism s used  in  t h is  stu d y .
LITERATURE REVIEW
BIOLOGICAL PERSPECTIVE
When c o n s id e r in g  the egg and i t s  environm ent, Needham ( l9 5 0 )  
d is c u s se d  th e in te r a c t io n s  between th e  embryo and th e  environm ent, 
fo r  example th e  a b so rp tio n  o f  w ater by th e  egg or th e  tem perature  
o f  th e  egg i s  in f lu e n c e d  by i t s  surroundings. The e g g 's  dependence 
on the e x te r n a l environm ent d ecreased  as th e  egg ev o lv ed , th u s the  
eggs o f  f i s h ,  amphibia and th e  e a r ly  r e p t i l e s  are  v e r y  dependent on 
th e  environm ent whereas th o se  o f  th e  l a t e r  r e p t i l e s  and b ir d s  are  
a lm ost in d ep en d en t.
The eggs o f  f i s h ,  amphibia and e a r ly  r e p t i l e s  are r e l a t iv e l y  
sm a ll, c o n s is t in g  o f  a la r g e  mass o f  y o lk  surrounded by s e v e r a l  
th in  la y e r s  o f  j e l l y .  The outerm ost la y e r  i s  d en se , tough and 
r e s i s t a n t  to  a b ra sio n  (S a lth e ,  1963) ; th e  in n er  la y e r s  are more 
w atery  and j e l l y - l i k e .  The outerm ost o f  th ese  la y e r s  may have been  
th e  foreru n n er  o f  th e  s h e l l  membranes, and th e  in n er  la y e r s  o f  albumen 
(Needham, 1931)* T h is s o f t ,  f l e x i b l e  integum ent a llo w s  a c lo s e  co n ta c t  
betw een th e  egg and i t s  surroundings e s p e c ia l ly  w ater or a wet s u r fa c e .  
T his f a c i l i t a t e s  th e  uptake o f  w ater and e s s e n t ia l  io n s  such a s  
and Na"*". Indeed , b ecau se th e se  eggs do n o t co n ta in  s u f f i c i e n t  w ater  
a t  the tim e o f  o v ip o s it io n ,  i t s  a b so rp tio n  i s  e s s e n t ia l  fo r  s u c c e s s f u l  
com p letion  o f  em bryogenesis (Needham, 1931)«
The eggs o f  h ig h er  r e p t i l e s  such a s  l iz a r d s  and snakes a re  o n ly  
s l i g h t l y  m o d ifie d  from th ose  d escr ib ed  above. A la r g e  mass o f  y o lk  
i s  e n c lo sed  by a th in  la y e r  o f  albumen (C lark , 1 9 4 6 ) , e x te r n a l to  
which i s  a m u lt i- la y e r e d  s h e l l  membrane (Packard , 1977 ;
Sexton  e t  a l . .  1 9 7 9 )•  In  eggs o f  some sp e c ie s  a th in  c r u s t  o f  
c a lca reo u s  m a te r ia l i s  p resen t on th e  su r fa ce  o f  th e  membranes -
perhaps the foreru n n er  o f  a ca lca reo u s  s h e l l?  These eggs la ck  
a h ig h ly  s tru c tu red  s h e l l  la y e r  and the membranes can e a s i l y  be 
s tr e tc h e d  w ith ou t damage. T h is  i s  an e s s e n t i a l  fa c to r  i f  th e eggs  
are to  absorb la r g e  q u a n t i t ie s  o f  w ater (Packard e t  a l . .  1 9 7 7 ).
Eggs o f  r e p t i l e s  such as c r o c o d i le s  and some t u r t le s  ( e .g .  
tr io n y c h id s , t e s tu d in id s )  to g e th e r  w ith  th o se  o f  b ir d s , have a 
la rg e  mass o f  y o lk  surrounded by a t h ic k  la y e r  o f  albumen, e x te r n a l  
to  which i s  a p a ir  o f  s h e l l  membranes and a r ig id  ca lca reo u s  s h e l l .
The s h e l l  a r i s e s  from n u c lé a tio n  s i t e s  on th e  o u ter  membrane (Schm idt, 
1957 ; 1962 ; Packard and Packard, 1 9 7 9 ), and i s  p er fo ra ted  to  a llo w  
the d if fu s io n  o f  g a se s  and w ater vapour betw een th e embryo and i t s  
environment (P a g a n e l l i  e t  a l . .  1973 î Packard and Packard, 1 9 7 9 ).
These eggs are la r g e r  than th o se  d isc u sse d  p r e v io u s ly  and absorb l i t t l e  
( i f  apy) w ater, e i t h e r  l iq u id  o r  vapour, during in c u b a tio n . Indeed , 
such eggs co n ta in  a l l  the w ater and n u tr ie n ts  f o r  embryo developm ent. 
When a b so rp tio n  o f  w ater i s  no lo n g er  n e c e ssa r y , th e  need to  conserve  
w ater assumes im p ortan ce. T h is i s  ach ieved  by th e  s e le c t io n  o f  a 
s h e l l  having a w ater vapour conductance p ro p o rtio n a l to  th e  minimum 
requirem ent o f  th e  embryo to  o b ta in  0^ and r id  i t s e l f  o f  CO2 . Water 
vapour conductance i s  determ ined by th e number o f  pores per s h e l l ,  
s h e l l  th ic k n e s s , le n g th  o f  in c u b a tio n , tem perature, and th e s te e p n e ss  
o f  th e d if fu s io n  g ra d ie n t e x i s t in g  in  th e  n e s t .  Some w ater has to  be 
l o s t  from th e  egg to  c r e a te  an a ir  space o f  s u f f i c i e n t  volume to  
support pulmonary r e s p ir a t io n  o f  th e  «nbryo and to provide space 
fo r  i t s  movement during th e  h a tch in g  p ro cess  (Rahn e t  a l . .  1 9 7 6 ).
Drent ( l9 7 5 )  c a lc u la te d  th a t  on a verage , eggs in  n e s t s  lo s e  about 
16^ o f  the w ater p resen t a t  o v ip o s i t io n .
Ar and Rahn ( l 978) showed th a t  th e  in cu b a tio n  period  in  days 
( l ) ,  egg mass in  grams (M) and s h e l l  conductance, & (H^O) are
in t e r r e la t e d  :
I»Q~ (HgO) _ 3 ,1 3  t  0 .8 6  mg/g ( t o r r s )
M
i f  s h e l l  conductance and in cu b a tio n  p er io d  are known, then  the 
d if f u s io n  g ra d ien t req u ired  to  a ch iev e  th e  16^ l o s s  deduced by 
D rent ( l9 7 5 )  can be c a lc u la te d .  Continuous m on itoring o f  the  
r e l a t iv e  hum idity o f  n e s t s  (Howey e t  a l . . 1977) has shown th a t the  
s te e p n e s s  o f  th e d i f f u s io n  g ra d ie n t f lu c t u a t e s  m arkedly during the  
day but th a t  th e  average v a lu e  a g rees  w ith  th a t o b ta in ed  by Rahn 
e t  a l . . ( 1977) who measured w ater uptake in  the n e s t  by u sin g  an 
egg hydrom eter (an  empty s h e l l  o f  the s p e c ie s  under study f i l l e d  
w ith  dry s i l i c a  g e l ) . The c r i t i c a l  r o le  o f  egg s h e l l  p o r o s ity  has 
been q u estio n ed  by S im k iss ( 198O) who hatched  ch ic k s  s u c c e s s fu l ly  
even though w ater l o s s  had been a ccen tu a ted  by d r i l l i n g  h o le s  in  the  
broad p o le  o f  th e  s h e l l .  A lthough the ch ick s  were sm a ller , they  had 
a normal w ater co n ten t and he concluded  th a t  the growth o f  embryos 
i s  m odulated accord in g  to the m e ta b o lite s  a v a i la b le .  The s h e l l ' s  
mechanism o f  w ater co n serv a tio n  and th e m etab o lic  c o n tr o l mechanisms 
o f  th e  embryo are both  l i k e l y  to  be in v o lv e d  in  th e  s u c c e s s fu l  
developm ent o f  th e  embryo.
The in te n s e  p red a tio n  o f  s o f t - s h e l l e d  eggs by s o i l  in v e r te b r a te s  
and m icro-organ ism s i s  con sid ered  by some (Needham, 1931 J Packard 
and Packard, 1980) to  be th e  most p la u s ib le  reason  fo r  the s e le c t io n  
o f  a r i g id  s h e l l  which became p r o g r e s s iv e ly  th ic k e r  and more com plex. 
The s h e l l  makes an im portant c o n tr ib u tio n  to  th e  a n tim ic r o b ia l d efen ce  
o f  the egg and i s  thus an e s s e n t ia l  component in  the b reed ing  su ccess  
o f  a l l  b ir d s .
Presum ably, th ere  i s  a requirem ent f o r  the embryos in  the eggs 
o f  a l l  ov ip arou s anim als to  develop  in  a germ -free environm ent. Before
an egg s h e l l  ev o lv ed , the a n t im ic r o b ia l d efen ce  probably depended 
on th e  albumen or i t s  p r e c u r so r s . The eggs o f  th e  salmon ( 0ncorhynchus) 
have a "capsule"  which i s  c o lo n iz e d  by a c h a r a c t e r is t ic  b a c t e r ia l  
f lo r a  c o n s is t in g  o f  predom inantly Cytophaga spp . and th e  w e ll-b e in g  
o f  th e  embryo i s  thought to  depend on a dynamic ecosystem  p reclu d in g  
c o lo n iz a t io n  o f  th e  egg by p o t e n t ia l  pathogens ( B e l l  £ t  a i . ,  1 9 7 1 ).
The albumen o f  f i s h  eggs co n ta in s  su b sta n ces , "p r o te c t in s " , which are  
c o n sid ered  to  fu n c t io n  in  th e  em bryo's p r o te c t io n  (Uhlenbruck e t  a l . . 
1 9 7 2 ). The j e l l y  surrounding amphibian eggs (Gabayeva, I9u2) p o sse s se s  
a n t im ic r o b ia l p r o p e r t ie s  as does the albumen o f  step p e  t u r t le  ( Testudo 
h o r s f i e l d i i ) eggs (Movchan, 19^4 î Movchan and Gabaeva, 1 9 6 7 ).
A lthough th e se  r e p o r ts  in d ic a te  th e a n t im ic r o b ia l nature o f th e  albumen 
and i t s  p recu rso rs , th e  b reed in g  su c c e ss  o f  most f i s h e s ,  amphibia and 
r e p t i l e s  i s  s t i l l  dependent p r im a r ily  upon th e  p rod u ction  o f  la r g e  
numbers o f  eggs to  cou n tera ct the h igh  r a te  o f  m acropredation. In  
c o n tr a s t , in  th e  e v o lu t io n  o f  th e  c l e id o ic  egg , such as th a t  o f  b ir d s ,  
b reed in g  su c c e ss  i s  dependent upon a h igh  h a tc h a b i l i ty  o f the fev/ eggs 
produced per p a ir  per b reed in g  season . Presum ably, the s e l e c t iv e  
p ressu r es  th a t  have favoured  th e  e v o lu t io n  o f  a few la r g e  eggs have a ls o  
favoured  a d efen ce  system  whereby the la r g e  a l lo c a t io n  o f  energy i s  
con served , and th e  d evelop in g  embryo i s  p r o te c te d  from p red a tio n  by 
m icro -organ ism s.
\7hen d is c u s s in g  t h is  t o p ic  Tokin ( l9 5 9 )  im p lied  th a t  im m unological 
p r o p e r t ie s  o f  th e  e g g ,^ p a r t ic u la r ly  the albumen, p rov id es  a p a ss iv e  
immunity. The an tib od y  co n ten t o f  the egg hor.'ever i s  co n fin ed  to  th e  
yoUc and th e r e  i s  l i t t l e  or no an tib od y  in  th e  albumen. Any an tibody  
in  th e  y o lk  i s  r e s t r i c t e d  to  th ose  r a ise d  in  response to  a n tig en s  to  
which th e  hen has been exposed (Yamamoto and B ig la n d , 1966) th u s , u n t i l  
the im m unological d efen ce  i s  formed a f t e r  h a tc h in g , th e  embryo must 
r e ly  on an oth er  system . Board ( l 969) su g g ested  th a t " before th e  o n se t
o f  in c u b a tio n , the y o lk  in  a c le id o ic  egg such as th a t o f  a b ird  i s  
sh ie ld e d  from m icr o b ia l c o lo n iz a t io n  through the combined workings 
o f  p h y s ic a l ( s h e l l  and s h e l l  membranes) and chem ical (albumen) 
d efen ce system s" . I t  was noted  su b seq u en tly  th a t the c e n tr a l  
lo c a t io n  o f  th e  y o lk  and thus th e b io lo g ic a l  s tru c tu re  o f  the egg  
a ls o  c o n tr ib u te s  to  i t s  d efen ce (Board and Hornsey, 1 9 7 8 ). This  
r e p r e se n ts  a n o n -s p e c if ic  system  ( i . e .  one th a t does not recogn ize  
a s p e c i f i c  a n t ig e n ) , which l i k e  th a t  o f  mammalian m ilk , o p era tes  in  
the ab sen ce o f  c o n tr o l system s and y e t  fu n c tio n s  w ith  an e f f ic ie n c y  
comparable to  th a t o f  an im m unological form .
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HISTORICAL PERSPECTIVE
The In d u c tio n  o f  r o t t in g ,  by sim ply shaking e g g s , had been used  
a s  ev id e n c e  o f  spontaneous g en era tio n  by i t s  su p p o rters. D isagreem ent 
w ith  t h i s  le d  Cay on ( l8 7 3 )#  an a s s o c ia t e  o f  P a steu r , to  make th e  f i r s t  
sy s te m a tic  stu d y  o f  th e  b a c te r io lo g y  o f  e g g s . Gayon cou ld  not induce  
r o t t in g  by shaking eggs and he noted  th a t  b a c te r ia  were alw ays p resen t  
i n  r o t te n  e g g s . In  th e  fo llo w in g  t h ir t y  y ea rs  th ere  were s e v e r a l  
s tu d ie s  o f  th e  m icro b io lo g y  o f  e g g s . A lth o u ^  a few workers observed  
a h igh  in c id e n c e  o f  in f e c t e d  co n te n ts  ( S t i l e s  and B a tes , 1912 ;
B u sh n ell and Maurer, ^9^k)  ; th e  m a jo r ity  agreed th a t  th e  g r e a te r  
p ro p o rtio n  o f  eggs were s t e r i l e  (H adley and C ald w ell, 1916 ; H aines,
1938) .  H aines ( l 939) a t tr ib u te d  such d iv erg en t o p in io n s to  th e  
te c h n ic a l  d i f f i c u l t i e s  o f  a s e p t ic a l ly  sam pling th e  v is c o u s  albumen. 
Indeed  th e  f a i l u r e  to  r e s o lv e  t h i s  problem le d  Brooks and T aylor ( l 955) 
to  make th e  v ery  g e n e r a l sta tem en t th a t  "roughly o f  new ly la id  eggs 
are f r e e  from m icro-organ ism s and th e  tru e  v a lu e  may be even h igh er" .
The p o s s i b i l i t y  th a t the egg may be contam inated in  th e  o v id u c t  
was d is c u s se d  in  the rev iew  by H aines ( l9 3 9 ) .  There i s  no d ir e c t  
ev id en ce  th a t  t h i s  o c c u r s . I t  has been surm ised th a t  th e  o v id u c t o f  
a h e a lth y  hen may become contam inated w ith  m icro-organism s (R e ttg e r ,  
1913 ; H ariy , 19&3) by ( 1) th e  upwards movement o f the rectum , or  t h e ir  
in tr o d u c t io n  during in sem in a tio n  ( 2) from th e  b loodstream  su p p ly in g  
th e  o v id u c t .  The support fo r  th e f i r s t  view  comes from th e  o b serv a tio n  
th a t  th e  o v id u c t  does o c c a s io n a l ly  undergo v io le n t  a n t i - p e r i s t a l t i c  
c o n tr a c t io n s  c a u s in g  fe a th e r s  and sm all s to n es  to  be in c lu d ed  in  the  
albumen o f  o th e r w ise  normal eggs (Romanoff and Romanoff, 1 9 4 9 ) . As 
th e  in c id e n c e  o f  such in c lu s io n s  in  eggs i s  low i t  can  be assumed th a t  
t h i s  mode o f  con tam in ation  i s  o f  academic in t e r e s t  o n ly . L ikew ise th e  
cla im  th a t  c o p u la t io n  r e s u l t s  in  in f e c t io n  o f th e  upper o v id u c t has y e t
to be proved c o n c lu s iv e ly .  In  the second case th ere  i s  evidence th a t  
pathogens such as Salm onella  spp. pass from th e  a lim e n ta iy  can a l v ia  
th e  b lood  to  the o v a r ie s  (R e ttg e r , 1913 » Gordon and Tucker, 19&5).
I t  would seem th a t g en era l contam inants o f  the o v a r ie s  are p resen t in  
low numbers o n ly  because enrichm ent methods were req u ired  fo r  t h e ir  
i s o l a t i o n  (Harry, 1 9 ^ 3 )« Apart from S alm onella  spp. o th er  m icro­
organism s e .g .  m icrocooci recovered  from th e  o v id u c t have not been 
a s s o c ia te d  w ith  r o t t in g  o f  eggs nor the death  o f  embryos in  in cu b atin g  
e g g s .
The main contam ination  o f  th e  egg occu rs a f t e r  la y in g  a s  a r e s u lt  
o f  th e s h e l l ' s  c o n ta c t w ith  n e s t  s u r fa c e s ,  harbouring d u st, s o i l  and 
f a e c a l  m a te r ia l (H a in es, 1939 ; Zagaevsky and L utikova, 1944 ; Board 
_et , 1964 ; M oats, 1 9 8 0 ). When the com p osition  o f  th e  f lo r a  o f  the  
s h e l l  i s  compared w ith  th a t o f  r o tte n  e g g s , i t  i s  n o tab le  th a t  Gram- 
p o s it iv e  organism s dominate th e  form er and Gram -negative ones th e  la t t e r  
(H a in es, 1938 ; Board, 19^3 ; Board and Board, 1 9 6 8 ). The commonest 
contam inants o f  th e  s h e l l  are m icro co cc i and o th er  G ram -positive  
b a c te r ia  which are r e s is t a n t  to  d e s ic c a t io n  (T ab le  1 ) .  The commonest 
contam inants o f  r o tte n  eggs are l i s t e d  in  Table 2 . I t  i s  notew orthy  
th a t  Gram -negative b a c te r ia  are th e  organism s most fr e q u e n tly  recovered  
from in cu b a tin g  eggs (Pathak e t  a l . . i9 6 0  ; S ev iou r e t  a l . . 1 9 72 ).
This su g g e sts  th a t  Gram-negative b a c te r ia  are b e t te r  equipped than  
G ram -positive ones to  overcome th e  a n tim ic r o b ia l d efen ces  o f  the egg.
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TABLE 1
TYPES OF MICROORGANISMS PRESENT ON THE SHELL OF
THE HEN* S EGG
Type o f  Organism
Frequency o f  
Occurrence
S trep to co ccu s 1
S tap h y lococcu s 2
M icrococcus 3
S arcin a 1
A rth rob acter 2
B a c i l lu s 2
Pseudomonas 2
'Achromobacter* 2
A lc a l ig e n e s 2
F lavobac terium 2
Cytophaga 2
E sch er ich ia 2
A erob acter 2
Aeromonas 1
P roteu s 1
S erra t i a 1
1 -  o c c a s io n a l ly  p r e se n t  ; 2 -  on most eggs but in  s n a i l  numbers 




DIFFERENT TYPES OF BACTERIA FOUND IN ROTTEN EGGS
Type o f  Organism
Frequency o f  
Occurrence
Pseudomonas aeru ginosa 1
Pseudomonas f lu o r e s c e n s 3
Pseudomonas p u tid a 3
Pseudomonas m a lto p h ilia 2
Flavobac terium 1





E sch er ich ia 3
H afnia 2
C itro b a cter 2
B a c i l lu s 1
M icrococcus 1
S trep tococcu s 1
A rthrobacter 1
1 -  p resen t on rare  o c c a s io n s  o n ly  ; 2 -  in fr e q u e n tly  
3 -  commonly,
( from Board 1968)
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THE ANTI-MICROBIAL DEFENCE SYSTEM
OF THE AVIAN EGG
The c o n tr ib u t io n s  made by th e major components o f  th e  egg to  
th e m aintenance o f  th e  embryo are l i s t e d  in  Table 3» The vu ln erab le  
food  s to r e  o f  th e egg appears to  be p r o te c te d  from in fe c t io n  by 
in vad in g  m icro-organ ism s by a p h y s ic a l and ch em ica l d efen ce , and by 
th e b io lo g i c a l  s tr u c tu r e  o f  the eg g .
P h y s ic a l d e fen ce
( i )  The s h e l l
The c o n te n t io n  (H aines, 1939) th a t  th e  s h e l l  impedes m icro b ia l 
in f e c t io n  o f  th e  co n ten ts  o f  th e  h e n 's  egg was based m ainly on 
in d ir e c t  e v id e n c e . The o b serv a tio n s  p e r ta in in g  to  t h is  were : (a)  
l e s s  than  1^ o f  n e s t -c le a n  eggs r o t  during s to r a g e  (Brooks and T aylor,
1955) ; (b ) th e  l e v e l s  and in c id e n c e  o f  con tam ination  o f  eggs having  
cracked s h e l l s  are g r e a te r  than th ose  hav in g  undamaged s h e l l s  (M ille r  
and Crawford, 1953) i (o )  the r a te  and in c id e n c e  o f  r o t t in g  can be 
in c r e a se d  m erely  by crack in g  eggs b efo re  exp osin g  them to  rot-p rod u cin g  
b a c te r ia  (Brown e t  a l . .  1 9 6 6 ) .
The s h e l l  o f  the h e n 's  egg i s  m ain ly  ca lc iu m  carbonate (96^ by 
w eigh t) in  c a l c i t e  form, to g e th er  w ith  tr a c e s  o f  magnesium, phosphate, 
an org a n ic  m a tr ix  and w ater (Romanoff and Romanoff, 1 9 4 9 ). The in n er  
su rfa ce  (co n e  la y e r )  o f  th e  s h e l l  c o n s i s t s  o f  a la r g e  number o f  c o n ic a l  
p r o je c t io n s  ( P la te  1) th e ir  a p ic e s  merging w ith  the o u ter  s h e l l  
membranes (T y le r  and Fow ler, 1 9 7 8 ) . The o u ter  compact la y e r  o f  the 
s h e l l  ( P la te  1 ) ,  th e column or p a lisa d e  la y e r ,  may be covered e i th e r  
co m p le te ly  or p a r t ly  by a th in  la y e r  (P la te  1 ) o f  sm all g ly c o p r o te in  
sp h e res , the c u t i c l e  (T y le r , 1969) .
The normal s h e l l  o f  the dom estic hen co n ta in s  7 ,0 0 0  -  17 ,000
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pores (T y le r , 1 9 3 3 ), th e  d iam eters o f which range from 9 -  35 P 
(Romanoff and Romanoff, 1949 ; T y ler , 1 9 5 6 ), a s iz e  th a t would not  
be ex p ected  to  h in d er  th e  movement o f  b a c t e r ia l  c e l l s .  The pores  
w hich are a lig n e d  r a d ia l ly  to  th e su rface  o f  the s h e l l  (P la te  1 ) ,  
perm it th e  d i f f u s io n  o f  r e s p ir a to r y  g a se s  and w ater vapour (Ar and 
Rahn, 1 9 7 8 ).
S tu d ie s  o f  th e  fa c to r s  c o n tr ib u tin g  to  f lo o d in g  o f  pore ca n a ls  
(Board and H a l ls ,  l973&b) the f in e  s tr u c tu r e  o f  pores (Board,
1974 ; 1975 ; T u l le t  _et ^ . ,  1975) le d  to  th e  concept th a t a v ian  
e g g s h e l l s  are  w ater r e s is t a n t  or w ater r e p e l le n t .  These p r o p e r tie s  
p rovid e th e  s h e l l  w ith  a b a r r ie r  a g a in s t  th e movement o f  b a c te r ia .
Board and H a lls  (1973&b) noted  th a t  many p ores were flo o d e d  in  th e  
s h e l l s  o f  h en , gu inea fo w l and duck eggs th a t were c u t i c l e - l e s s  a t  
o v ip o s it io n  or th a t  had been rendered c u t i c l e - l e s s  by ch em ica l or  
p h y s ic a l  m eans. There are  many rep o rts  o f  in cr ea se d  l e v e l s  o f  
in f e c t io n  le a d in g  to  r o t t in g  o f  eggs th a t were scraped or rubbed 
w ith  a b r a s iv e s  b e fo re  c h a lle n g e  vâth  ro t-p ro d u cin g  b a c te r ia  (H aines,
1938 ; H aines and Moran, 1 9 4 0 ). Even w ith  an egg having an undamaged 
c u t ic l e  th ere  are upward o f  10 -  20 pores (O r e l, 1959) which fo r  
some unknown reason  provide p o r ta ls  o f  en try  fo r  b a c te r ia  (P aton  and 
A yres, 1 964 ; Board and Board, 1967) .  These pores are o f t e n  re fe rred  
to  as " p a te n t p o res" .
The a v a i la b le  ev id en ce  (H aines and Moran, 1940) in d ic a te s  th a t  
m icro-organ ism s remain a t  the su rface  o f  th e  s h e l l  u n le s s  some agent 
prom otes t h e ir  t r a n s lo c a t io n  along th e  p o res . Three such a g e n c ie s  
have b een  rec o g n ized  : (a )  i n f i l t r a t i o n  o f  th e  pores by fu n g a l hyphae ;
(b ) f lo o d in g  o f  th e  p ores w ith  w ater drawn in  by c a p i l la r y  a c t io n  and
( c )  th e  su ck in g  in  o f  w ater vdien a warm egg co n tr a c ts  on c o o l in g .
I t  can be assumed th a t  any agen t th a t  c a u ses  m icrob ia l p e n e tr a tio n  o f  
th e  s h e l l  r e s u l t s  in  a h eterogen eou s p o p u la tio n  b ein g  in trod u ced  on
u
or near th e  s h e l l  membranes*
( i i )  The s h e l l  membranes
The s h e l l  membranes c o n s i s t  o f  ; (a ) an o u ter  membrane which i s
a tta c h e d  to  th e  s h e l l  a t  th e  cone la y e r  ; (b ) an in n er membrane which
i s  a tta ch ed  to  th e in s id e  o f  th e  o u te r  membrane ex cep t a t  th e  a ir  
c e l l  and (c )  a l im it in g  membrane which sep ara tes  the in n er  membrane 
from th e  albumen. The o u ter  membrane has a th ic k n e ss  o f  about 30 -
33 >1 and th e  in n er  membrane 13 -  17 p (T y le r , l9 6 l ; L i f s h i t z  and
Baker, 1964) .  E le c tro n  m icroscopy has shown th a t both th e  in n er  and 
o u te r  s h e l l  membranes c o n s is t  o f  a network o f  f ib r e s  (P la te  2) which 
l i e  p a r a l le l  to  th e  su r fa ce  o f  th e  eggs and which are randomly 
o r ie n ta te d  ( B e l la ir s  and Boyde, 1 9 6 9 ) . The d iam eter o f  th e  o u ter  
membrane f ib r e s  vary from 0 .4  -  3 .6  whereas th a t  o f  the in n er  membrane 
f ib r e s  seldom exceed  2 ^ ( B e l la ir s  and Boyde, 1 969) .  Each f ib r e  
c o n s is t s  o f  a p r o te in  core  sep arated  from a g ly c o p r o te in  m antle  
(M asshoff and Stolpman, 1961) by a sm all space (P la te  3) which may 
c o n ta in  m oderately  e le c tr o n -d e n se  m a te r ia l (P la te  4) . The l im it in g  
membrane i s  a la y e r  o f  homogenously dense m a te r ia l in  which th e  
innerm ost f ib r e s  o f  th e  in n er  s h e l l  membrane appear to  term in ate  (P la te
5 ) .
The chem ical com p osition  o f  th e  s h e l l  membrane f ib r e s  i s  n o t f u l l y  
e s ta b lis h e d . E a r ly  s tu d ie s  c l a s s i f i e d  them a s  k e r a tin  due to  a h igh  
c y s te in e  co n ten t (Baker and B alch , 1962) .  More r e c e n t ly  the p resen ce  
o f  th e c r o s s - l in k in g  ^ i n o  a c id s  desm osine and isod esm osin e in  the  
p r o te in  core o f  th e  f ib r e s  (S ta rch er  and King, 1980) has su g g ested  
th a t they  are e l a s t i n - l i k e  (H arr is  ^  a l . ,  1980) however i s o la t i o n  
o f  an e l a s t i n - l i k e  component has proved im p o ssib le  (L each, 1978 ;
Leach ^  I 9 8 l)  and i t  i s  probable th a t  th e  p r o te in  p resen t in
th e  membranes i s  u n iq u e. The c o r te x  o f  each f ib r e  has been id e n t i f i e d
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as m ucopolysaccharide (R obinson and King, 19^8) co n ta in in g  
g a la c to sa m in e , g lucosam ine, s i a l i c  a c id , g lu c o se , mannose and 
fu co se  (Cooke and B alch , 1 9 7 0 ).
The concept th a t the s h e l l  membranes a c t  a s  b a c t e r ia l  f i l t e r s  
a rose  from th e  in v e s t ig a t io n s  o f  H aines and Horan ( l9 4 0 ) .  They 
rep la ced  th e  egg co n te n ts  w ith  a su sp en sion  o f  b a c te r ia  and then  
a p p lie d  su c tio n  to  the s h e l l .  F lu id  drawn through th e  s h e l l  and 
i t s  membranes did not c o n ta in  b a c te r ia , but i t  d id  so when the s h e l l  
membranes were removed. T his was confirm ed by Walden ^et , ( l  956) 
and G a r ib a ld i and S to k es, ( l9 5 8 ) .  When th e s e  workers l e f t  the  
b a c t e r ia l  su sp en sio n  fo r  18 -  24 h and then a p p lied  s u c t io n  they  
found th a t  th e  f lu id  was contam inated . These tech n iq u es are  open 
to  c r i t ic i s m  because b a c te r ia  were made to  tr a v e r se  the s h e l l  and 
membranes in  an o p p o site  d ir e c t io n  to  which they would norm ally  
t r a v e l  when in f e c t in g  the e g g 's  c o n te n ts . The p ro cess  th a t  r e s u lt s  
in  p e n e tr a tio n  o f  the membranes i s  s t i l l  unknown but i t  does not 
appear to  be due to  d ig e s t io n  o f  th e  membranes by b a c t e r ia l  p ro tea ses  
(G a r ib a ld i and S to k es , 1958 ; Board, 1 9 6 5 ).
In  an attem pt to c l a r i f y  the c o n tr ib u tio n  o f th e  s h e l l  membranes, 
oth er  workers have used d if f e r e n t  methods to  in v e s t ig a t e  th e p o s s i b i l i t y  
th a t th e  membranes were a c t in g  as f i l t e r s .  These methods in c lu d ed  
h o ld in g  th e s h e l l  w ith  or w ith ou t one o r  both o f  i t s  membranes in  a 
su sp en sio n  o f b a c te r ia  and reco v er in g  m icro-organism s from w ith in  th e  
egg (Bean and McLaury, 1959 > W illiam s and W hittemore, 196?) and 
in o c u la t in g  the a ir  c e l l  and reco v er in g  m icro-organism s from the  
albumen (M il le r  and Crawford, 1953 J Brooks, i9 6 0  ; Board and A y r e s ,  
1969) ,  In  summary, i t  appears th a t a lthough  the s h e l l  p lu s  membranes 
o f f e r s  g r e a te r  r e s is ta n c e  to  p en etra tio n  than does the s h e l l  a lon e  
th ere i s  l i t t l e  ev id en ce  to  support the assum ption th a t  th e  ou ter  
s tr u c tu r e s  o f  the egg are w e ll adapted to  r e s i s t  b a c t e r ia l  p en e tr a tio n .
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Chemical d efen ce
( i )  The s h e l l  membranes
I t  has been claim ed (Brooks and T ay lor , 1955) th a t th e  membranes 
c o n ta in  a n tim ic r o b ia l su bstan ces th a t suppress the growth o f  m icro­
organ ism s. Korotkova ( l9 5 7 )  has been  quoted in  the l i t e r a t u r e  (Board, 
1966) a s  having d e te c te d  lysozym e in  th e  s h e l l  membranes. Owing to  
d i f f i c u l t i e s  a r is in g  over t r a n s la t io n  from th e  R ussian , she has been  
m isquoted ; th e  lysozym e she was r e fe r r in g  to  was th a t o f  th e  u n d erly in g  
albumen.
S tu a r t  and M cN ally 's ( l9 4 3 )  o b serv a tio n s  th a t th ere  was a rap id  
death  o f  G ram -negative b a c te r ia  in  a s a l in e  su sp en sion  o f  s h e l l  
membranes supported the c o n ten tio n  th a t the membrane con ta in ed  
a n tim ic r o b ia l su b sta n c e s . Subsequent s tu d ie s  have shown th a t m icro­
organism s i s o la t e d  from r o tte n  eggs grow when added to  s h e l l  membranes 
suspended in  a s o lu t io n  o f  m ineral s a l t s ,  provid ing  th e l a t t e r  were 
not b a c t e r ic id a l  (Board, 1 9 6 5 ). The m icro-organism s used in  t h i s  study  
however were presum ably r e s i s t a n t  to  the a n tim ic r o b ia l d efen ces o f  
the egg anyway to  be s u c c e s s fu l  ro t-in d u c in g  organism s and so the  
s i t u a t io n  rem ains u n reso lv ed .
The c o lo n iz a t io n  o f  th e  s h e l l  membranes by mixed p op u la tio n s o f  
b a c te r ia  has r e c e iv e d  l i t t l e  study (S ev io u r  and Board, 1 9 7 2 ). The 
l im ite d  r e s u l t s  in d ic a te  th a t  the e a r ly  phase o f  in f e c t io n  o f  the  
membranes i s  c h a r a c te r iz e d  by a s e le c t io n  o f  m icro-organ ism s. The 
G ram -negative members o f  th e  f lo r a  in c r e a se  a t the expense o f  the Gram- 
p o s it iv e  o n e s . The a c tu a l r a te  o f  change in  th e se  p op u la tion s i s  
determ ined by tem perature which a ls o  in f lu e n c e s  th e  com position  o f  
the G ram -negative f r a c t io n .  For example co lifo rm s do not develop  
in  eggs h e ld  a t  room tem perature but do so a t  37*̂ C (Board and A yres,
1965) .
Many in v e s t ig a t o r s  have noted a la g  o f  19 -  20 days between
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p e n e tr a tio n  o f  th e  s h e l l s  o f newly la i d  eggs and the appearances o f  
la r g e  numbers o f  organism s or m acroscopic changes in  th e albumen 
(Zagaevsky and L utikova, 1944 ; M ille r  and Crawford, 1953 î S tokes  
^  a l . ,  1956 ; G arib a ld i and Bayne, 19&2 ; Board and A yres, 1 9 6 5 ).
The e a r l i e r  l i t e r a t u r e  a t tr ib u te s  t h i s  to  th e  membranes provid ing a 
m echan ical b a r r ie r  a g a in s t  m icr o b ia l in v a s io n  ; la t e r  in v e s t ig a t io n s  
in d ic a te d  th a t  th e  s h e l l  membranes p lay  o n ly  a minor r o le  in  impeding 
in v a s io n  and th a t i t  was th e a n t im ic r o b ia l nature o f  th e  albumen th a t  
was r e sp o n s ib le  fo r  t h is  la g .  Brooks ( i9 6 0 )  su ggested  th a t growth 
was r e s t r ic t e d  because o f  an ir o n  d e f ic ie n c y  and t h i s  view  was supported  
by th e  dem onstration  ( Board, 1964) th a t co n sid era b le  b a c t e r ia l  
m u lt ip l ic a t io n  occurred  im m ediately  fo llo w in g  the seed in g  o f  the a i r -  
c e l l  w ith  b a c te r ia  suspended in  a weak so lu t io n  o f  ferr o u s  su lp h a te .
( i i )  The albumen
Albumen, a v is c o u s , h eterogeneous m a te r ia l, c o n s t itu t in g  about 
 ̂ o f  th e  egg , c o n s is t s  o f  th ree  la y e r s  in  f r e s h ly  la id  e g g s . Each
la y e r  c o n ta in s  d i f f e r e n t  amounts o f  d is s o lv e d  m a te r ia l.  The approxim ate
protein
percentage o f  t o t a l  egg whitej^: dry m atter fo r  th e  h en 's  egg i s  29 :
2 l^  in  th e  o u ter  th in  w h ite , 57 : 12% in  the albuminous sac  and 17 :
13^ in  th e  in n er  th in  w h ite  (Brooks and T ay lor , 1 9 5 5 ). The albumen 
d i f f e r s  from most o th er  body f lu id s  in  th a t i t  c o n s is t s  m ainly o f  
p r o te in s  (lO ^) and w ater (8 0 -9 0 ^ ). The p r o te in  co n ten t o f  th in  and 
th ic k  egg w h ite  i s  s im ila r  but th e  l a t t e r  c o n ta in s  about fou r  tim es  
as much ovom ucin. The n e g l ig ib le  (0 .0 2  -  0 .03^ ) amount o f  l i p i d  has 
not been c h a r a c te r iz e d . The fr e e  carbohydrate, m ainly g lu c o se , amounts 
to 0 . 9^  o f  th e  albumen. There i s  a ls o  a wide v a r ie ty  o f  in o rg a n ic  
elem ents in  d is s o c ia t e d  and bound form . These occu r in  m inute amounts ; 
th e ir  c o n c e n tr a tio n  may be in flu en ce d  by the h en 's  d ie t ,  environm ent, 
tem perature and age o f  b ird  (Pow rie, 1 9 7 7 ).
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The e a r ly  in v e s t ig a t io n s  concerning th e  m icrob io logy  o f  eggs  
in d ic a te d  th a t th e r e  was a h ig h er  in c id e n c e  o f  in f e c t io n  o f  th e  y o lk  
than  o f  th e  w h ite  (Maurer, 1911 ; S t i l e s  and B a tes , 1 9 1 2 ). In  
p a r a l l e l  w ith  th e  s tu d ie s  on th e  e x te n t  o f  m icr o b ia l con tam ination  
o f  th e  eg g , th ere  were th o se  th a t  rev e a led  th a t heavy con tam in ation  
o f  the egg d id  n o t occur even when th e egg was submerged in  broth  
c u ltu r e s  or  th e  w h ite  in o c u la te d  (H aines, 1 9 3 9 ). Wurtz ( 189O) was 
probably th e  f i r s t  to  su g g est th a t egg w h ite  was g e r m ic id a l. He 
noted  th a t  th e  typ h oid  b a c i l lu s  and pyogen ic c o c c i d id  not su rv iv e  
in  albumen. T h is p rop erty  o f  th e  egg w h ite  was confirm ed by 
Laschtschenko ( l9 0 9 )  and R ettg er  and Sperry ( l 9 l 2 ) .  In  c o n tr a s t  
P arascandole ( 1893) s ta te d  w ith ou t q u a l i f i c a t io n ,  th a t  b a c te r ia  can 
grow in  egg w h ite . When a ttem p tin g  to  summarize th e se  p io n eer in g  
s tu d ie s  o f  egg m icro b io lo g y , Hadley and C aldw ell ( l 9 l 6 )  s ta te d  th a t  
" a l l  th a t can be sa id  a t  the p resen t tim e i s  th a t c e r ta in  s p e c ie s  o f  
b a c te r ia ,  when p la ced  in  albumen, su rv iv e  but a sh ort tim e" ,
L aschtschenko ( l 909) made the f i r s t  in c i s i v e  study on th e  
g e r m ic id a l p rop erty  o f  egg w h ite . He observed  l y s i s  o f  v e g e ta t iv e  
c e l l s  and sp o res  o f  B a c i l lu s  spp. in  egg w h ite . As  t h i s  d id  n o t occur
when th e  egg w h ite  had been h eated  to  69 -  70°C fo r  3O m in ., he
p o s tu la te d  th e  p resen ce  o f  a th erm o la b ile  enzyme. T h is was confirm ed  
by Flem ing ( l9 2 2 ) ,  who named th e enzyme "lysozym e".
H ealey and P eter  ( l9 2 9 )  observed  a rap id  change in  th e  pH o f  th e  
egg w h ite  during th e week fo llo w in g  la y in g .  The pH ro se  from 7 .5  to  
9 .5  due to  th e  l o s s  o f  00  ̂ from the egg through th e  p ores in  th e  s h e l l  ;
th e  r a te  o f  change was dependent on tem perature and p 00  ̂ o f  th e
atm osphere (Sharp and W hitaker, 1 9 2 7 ) . Sharp and W hitaker ( l9 2 7 )  
in o c u la te d  tu b es o f  f r e s h  egg w h ite , a d ju sted  to  v a lu e s  over th e  
range pH 9 -  1 0 , w ith  common contam inants o f  r o tte n  eggs and found  
th a t  most o f  th e  organism s were u n a ffe c te d  a t  pH 6 -  8 but were k i l l e d
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a t  pH 9 -  1 0 . They su ggested  th a t  a change in  th e  pH o f  th e albumen 
may have been r e sp o n s ib le  fo r  the o b serv a tio n s  o f  P arascandole ( l8 9 3 ) ,  
who found no t o x i c i t y  w ith  th e  albumen taken  from eggs which had  
been coa ted  w ith  p ara ffin -w a x  im m ediately  a f t e r  la y in g .  T his treatm en t  
impedes th e d i f f u s io n  o f  CÔ  a c r o ss  th e  s h e l l  and the con com ittan t  
s h i f t  in  pH (Sharp and P o w ell, 1931)*
F ried b erger  and Hoder (1932) n oted  th a t  m icro-organism s th a t were 
n ot ly se d  by egg w h ite  were f lo c c u la te d  by h igh  d i lu t io n s  o f  egg w h ite .  
They su g g ested  th a t  t h i s  property  sh ou ld  be in c lu d ed  among the  
a n tim ic r o b ia l p r o p e r t ie s  o f  egg w h ite .
Schade and C aro lin e  ( l 944) found th a t th e  growth o f  S tap hylococcu s  
au reu s. E sc h e r ic h ia  c o l i . S h ig e l la  d y se n te r ia e  and Saccharomyces 
c e r e v is ia e  was in h ib it e d  in  n u tr ie n t  broth  supplem ented w ith  egg w h ite .
I t  occurred  when the m ixture was a d ju sted  to  pH 7 .4  o r  above b u t not  
when i t  was a d ju sted  to  pH 9 .8  or l e s s .  Of 10 v itam in s and 31 
elem ents t e s t e d ,  ir o n  a lo n e  overcame th e in h ib i t io n .  The ir o n -b in d in g  
su bstan ce was i s o la t e d  from egg w h ite  by A lderton  e t  ( i  946) and 
id e n t i f i e d  a s  conalbum in, an album inous p ro te in  o r ig in a l ly  i s o la t e d  
from egg w h ite  by Osborne and Campbell ( l9 0 0 ) .  I t  i s  now known as  
" ovotran sferr in "  and i t  b e lo n g s to  a c la s s  o f  p r o te in s , th e  t r a n s f e r r in s ,  
which are p resen t in  v a r io u s  f lu id s  o f  v er te b r a te  an im als (Feeney and 
Komatsu, 19&7 ; Feeney and A ll i s o n ,  19&9). Pure p rep ara tion s o f  
oV O transferrin  have a ls o  been used to  in h ib i t  m ic r o b ia l grow th. I t  
has been e s ta b lis h e d  th a t  th ey  must be p resen t in  s to ic h io m e tr ic  
ex cess  o f  th e  ir o n  found in  a medium by chem ica l a n a ly s is  (F raenk el -  
Conrat and F eeney, 1990 ; Feeney and Nagy, 1 9 5 2 ). O votra n sferr in  i s  
con sid ered  by some to  b e th e  p r in c ip a l component o f  th e  a n t im ic r o b ia l  
defence system  (Board and F u l le r ,  1974 ; Board and H ornsey, 1 9 7 8 ).
Brooks ( i 960) was unable to o b ta in  e q u iv a le n t r a te s  o f  
m u lt ip l ic a t io n  o f  pseudomonads in  albumen supplem ented w ith  ir o n  and
2 0
pseudomonads suspended in  a favou rab le  medium. T his le d  him to
su g g est t h a t  an inad eq u ate supply  o f  sim ple n itrogen ou s su b sta n ces
m ight be im p ortan t, a s  n o ted  e a r l ie r  by H aines (1939)* The albumen
o f  f r e s h  eg g s  o f  dom estic hens c o n ta in s  approxim ately  0 .1 4  -  0 .5 4  p 
N,
m olew m l and 2 .3  p m oles/m l a f t e r  s to ra g e  fo r  s e v e r a l weeks (Ducay 
^  a l . ,  i 960) .  T his has o f te n  le d  to  th e  assum ption th a t  contam inants 
o f  the albumen would be fo rced  to  s a t i s f y  t h e ir  n itr o g e n  requirem ents  
a t  th e  expense o f  the egg w h ite  p r o te in s .  Such a view  d id  n o t r e c e iv e  
support from th e  work by Board ( 1966) vdio found th a t the cou rse  o f  
in f e c t io n  o f  eggs in o c u la te d  w ith  p r o te o ly t ic  and n o n -p r o te o ly t ic  
b a c te r ia  was in d is t in g u is h a b le .
B io lo g ic a l  s tr u c tu r e
The growth th a t  fo llo w s  th e  la g ,  noted  p r e v io u s ly  when b a c te r ia  
are p r e se n t  on th e  s h e l l  membranes, has been a t tr ib u te d  to  a 
spontaneous change in  th e  p r o p e r t ie s  o f  th e  s h e l l  membranes ( E l l i o t  
and B ran t, 1957 ; Brooks, i9 6 0  ; Hartung and Stadelm an, 1963) .  Sharp 
and W hitaker ( l9 2 ? )  noted  th a t  m u lt ip l ic a t io n  o f  organism s which 
invade th e  albumen does n o t occur u n le s s  they make co n ta c t w ith  the  
y o lk . In  eggs h e ld  a t  10°C o r  l e s s ,  slow  m u lt ip l ic a t io n  o f  th e  
organism s in  th e  s h e l l  membranes occu rs throughout in cu b a tio n  and t h is  
i s  a s s o c ia t e d  w ith  a slow  b u t p r o g r e ss iv e  in c r e a se  in  th e  l e v e l  o f  
con tam in ation  o f  th e  albumen (Board and A yres, 1965 ; Board e t  a l . .  
1968) .  Eggs h e ld  a t  1O -  37°C have a s l i g h t l y  d if f e r e n t  mode o f  
in f e c t io n .  Here th e  renewed m u lt ip l ic a t io n  o f  th e  organism s in  th e  
s h e l l  membranes i s  a s s o c ia te d  w ith  a union o f  th e  y o lk  and membranes 
(Board and A yres, 1965 ; Board e t  a l . .  1 9 6 8 ) . During s to ra g e  a t  
ambient tem peratures th e  amount o f  o u te r  th in  w h ite  in c r e a se s  due to  
breakdown o f  th e  album inous sa c . The d e n s ity  o f  th e  w h ite  in c r e a se s  
a s  i t  l o s e s  w ater by evap ora tion  and a b so rp tio n  by th e  y o lk . F in a l ly ,
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the y o lk  r i s e s  to  make con tact w ith  the membranes and e x te n s iv e  
m u lt ip l ic a t io n  o f  th e  m icro-organism s can now take p la c e .  The 
v i s c o s i t y  o f  th e  albumen and the g e la t in o u s  nature o f  th e  albuminous 
sac are im portant components o f  th e  e g g 's  d e fe n c e . They impede 
m ic r o b ia l movement ( G i l le s p ie  and S c o t t ,  1950) to  th e  y o lk  and a ls o  
m ainta in  th e y o lk  in  a c e n tr a l  lo c a t io n ,  thus keep ing i t  a t  th e  
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W ater co n se rv a tio n  -  
a 'c o ld  nose ' 
phenomenon.
Compensation f o r  
changes in  
p re s s u re .
-
Albumen. R eserv o ir o f  w ater 
Depot o f c a tio n s  (Na*,
Mg^"", K"")
Exchange o f  0^, CO^,
H"*” w ith  young embryo. 
Source o f  p ro te in .
C ushioning a g a in s t  
damage due to  
sudden movement. 
Lag a g a in s t  temp­
e ra tu re  change . 
S c a ffo ld in g  f o r  
y o lk  and em bryo.
V is c o s ity  
an  im pediment 
to  b a c t e r i a l  
movement. 
C o n tro ls  r a te  
and e x te n t  o f 
m ic ro b ia l 
grow th.
P a ss iv e  immun­
i t y  o f  ch ick
Yolk. P r in c ip a l  depo t o f  a l l  
m ajor and minor 
n u t r i e n t s .
L oca tion  o f  young 
embryo a t  l e a s t  
d is ta n c e  from 
h e a t o f brood 
p a tc h e s .
P a ss iv e  
imm unity 
o f  c h ic k .
•B oard  e t  a l . . (1977 ).
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SM
P late 1 . Radially fractured egg sh e ll  o f the domestic 
fowl as viewed with the scanning electron  microscope 
showing the c u t ic le  plug (CP), c u tic le  (Cu), pore canal 
(PC), palisade layer (PL), cone layer (CL) and sh e ll  
membranes (SM), The bar marker represents 1ÛÛ pm.
Plate 2 . Scanning electron micrograph o f domestic fowl 
egg sh e ll membranes showing the complicated network of 
f ib re s . The bar marker represents 10 pm.
Plate 3 . Scanning electron micrograph o f domestic fowl 
egg sh e ll membranes. A broken fibre reveals a central 
core (C) surrounded by a mantle (M), The space between 
core and mantle i s  c learly  v is ib le .  The bar marker 
represents 0.9 pm.
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Plate 4* Electron micrograph of a transverse section  
through a sin g le  fib re  in  the outer sh e ll  membrane of 
the domestic fow l. The mucopolysaccharide mantle (M) 
has been stained with 10 (w/v) ruthenium red. The 
in ter fib ra l space i s  c lea r ly  v is ib le  between the fib re  
core (c) and mantle The bar marker represents 1 pm.
Plate 9 . Scanning electron micrograph of domestic fowl 
egg sh e ll membranes showing the three d is t in c t  layers of 
the outer membrane (OM), the inner membrane (IH) and the 








PHYSICO-CHH/ilCAL HIOPERTIES OF THL 
PROTEINS INVOLVED IN ÏHE ANTIMICROBIAL 
DEFENCE SYSTEk' OF THE ALBUMEN
The albumen proteins are unique because of th e ir  glycoprotein  
nature and wide range o f  b io lo g ic a l p rop erties. There are about 
90 proteins in  the albumen which are e a s ily  p u rified  because of 
the lack o f  in ter fe rr in g  m ateria ls such as s a l t s ,  sugars or l ip id s .  
Nineteen of these proteins can be detected by starch -gel electrophoresis  
(Lush, 1961) ; o f  th ese , only s ix  e x is t  a t a concentration o f 10 or 
higher. V ariations in  the number o f  e lectrop h oretic  bands o f albumen 
from various sp ecies  and inbred lin e s  o f  domesticated b irds has 
been a ttr ib u ted  to gen etic  polymorphism (Lush, 19&1 ; Baker and 
Manwell, 19&2). The g lob u lin s  (Feeney e t  a l . .  1963 ) ,  ovo tran sferrins  
(Ogden _et ^ . ,  1962 ; Ferguson, 1971 ; F relinger, 1972), ovomucoid 
(Feeney e t  a l . .  1967) and ovoinh ib itor (Davis e t a l . .  1969) a l l  
possess m ultip le forms. S ib ley  (i960  ; 1970) has considered the  
electrop h oretic  patterns o f  avian egg v h ites  to be o f  value in  avian  
taxonomy.
Mary techniques have been used to fraction a te  and purify egg 
white proteins (Appendix). Indeed much of the knowledge o f the 
b io lo g ic a l nature o f  albumen has come from the physico-chem ical 
properties o f  the proteins obtained by these methods. U n til recen tly , 
these techniques had been applied  to the ten  major proteins of the 
albumen (Table 4) o f  the hen 's egg (Osuga and Feeney, 1 974) but 
information r e la t in g  to  th e ir  b io lo g ic a l properties i s  perhaps not 
r e s tr ic te d  to  the hen because maiy o f  these proteins occur widely in  
birds eggs (Feeney and A lliso n , 1969) .
The physico-chem ical properties o f those proteins considered to 
be involved in  the an tim icrob ia l defence system of the albumen are
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d is c u s se d  in  d e t a i l  in  th e  fo llo w in g  s e c t io n .
Lysozyme
A lthough the l y s i s  o f  b a c te r ia  by egg w hite was f i r s t  noted  
by L aschtschenko i t  was Flem ing ( l9 2 2 )  who ap p recia ted  f u l ly
th a t  l y s i s  was caused  by an enzyme, lysozym e, p resen t in  most anim al 
and human t i s s u e s  and s e c r e t io n s ,  some v eg eta b le  t i s s u e s ,  and to  a 
marked e x te n t  in  ch icken  egg w h ite . Methods f o r  the p u r if ic a t io n  
o f  lysozym e are g iv e n  in  th e  A ppendix.
S a lto n  ( 1992) showed th a t th e  su b str a te  fo r  lysozym e was the 
c e l l  w a ll  o f  M icrococcus ly s o d e ik t ic u s . th e organism i s o la t e d  by 
Flem ing ( l  9 2 2 ) .  C onfirm ation th a t  lysozym e a c ted  on the c e l l  w a ll  
o f  p rok aryotes came from th e  i s o la t i o n  o f  o sra o tica lly  f r a g i l e  
p r o to p la s t s  from B a c illu s  megaterium (W eib u ll, 1953) a^d sp h a ero p la sts  
from E sc h e r ic h ia  c o l i  (Z in d er and Arndt, 1 9 5 6 ). Thus id e n t ify in g  
th e  c e l l  w a ll  as th e  r ig id  o u ter  la y e r  o f  the b a c te r ia l  c e l l  which 
d eterm ines i t s  shape and p r o te c ts  c e l l s  from osm otic l y s i s .
Berger and Wei ser  ( l9 5 7 )  showed th a t  c h i t in ,  a l in e a r  polymer 
o f  p ( 1- 4 ) lin k e d  u n it s  o f  N -acety lg lucosam ine (NAG), was ly z ed  by 
ch ick en  egg w h ite . S u bseq u en tly , a te tr a ssa c h a r id e  i s o la t e d  from 
lysozym e d ig e s t s  o f  M.ly s o d e ik t ic u s  was shown to  co n ta in  equimolar 
amounts o f  NAG and N-acetyImuramic a c id  (NAM) (S a lto n  and Ghuysen, 
1959) ,  P (1 - 4 ) lin k ed  ( J ean loz  e t  ^ . , 1963 ; Tipper ^  a l . ,  1969) .
The c e l l  w a ll  o f  M.ly s o d e ik t ic u s  i s  formed from a h ig h ly  w ater-  
in s o lu b le  polym er, p ep tid o g ly o a n , which c o n s is t s  o f  l in e a r  strands  
o f  a l t e r n a t in g  u n it s  ( F i g . l )  o f  NAG and NAM, p  ( l - 4 )  lin k ed  and 
in te r c o n n e c te d  by p ep tid e  ch a in s  ( F i g .2) a ttach ed  to  th e  D - la c ty l  
group o f  sane ( 50^) o f  th e  NAM u n i t s .  I t  i s  the p ( l -4 )  lin k a g es  
( F i g . l )  betw een th e  NAM and NAG r e s id u e s  th a t are a tta ck ed  by lysozym e 
(B erger and W eiser , 1957 ; S a lto n  and Ghuysen, i9 6 0 ) .  The enzyme i s
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co n sid ered  to  be a N -a c e ty l hexosam inidase (E .G . 3 * 2 .1 .1 7 )  and 
a lon g  w ith  r e la te d  enzymes i s  c l a s s i f i e d  a s  a muramidase. A lthough  
no o th er  type o f  lin k a g e  has been dem onstrated in  p ep tid o g ly o a n s , 
a m icro-organism  w ith  a d i f f e r e n t  lin k a g e  would be r e s i s t a n t  to  
lysozym e. The absence o f  N -a c e ty l groups on th e  glucosam ine in  th e  
p ep tid og lyoan  o f  B a c i l lu s  cereu s (A raki e t  1972) prov id es
another example o f  lysozym e r e s is ta n c e  -  lysozym e s e n s i t i v i t y  can  
be r e s to r e d  to  some d egree by N -su b s t itu t io n  w ith  a c e t y l ,  p ro p io n y l, 
b u ty ry l or form yl groups (Amano ^  1 9 8 0 ). With o ther Gram-
p o s it iv e  b a c te r ia  r e s is ta n c e  to  lysozym e may be due to  c e l l  w a ll  
a c ce sso ry  m a te r ia ls  masking th e  p ep tid og lyoan  e .g .  T e ic h o ic  a c id , 
a h ig h ly  n e g a t iv e ly  charged polymer p resen t in  th e c e l l  w a lls  o f  
Staph , aureus and many o th er  b a c te r ia ,  can b ind  a b a s ic  p ro te in  
such as lysozym e and th u s co n fer  r e s is t a n c e .
In  c o n tr a s t  w ith  G ram -positive b a c te r ia  p ep tid og lyoan  makes 
a r e l a t i v e l y  sm all c o n tr ib u t io n  (9 -1 0 0 ) to  th e  c e l l  w a lls  o f  Gram- 
n e g a tiv e  b a c te r ia  (R ogers and P er k in s , 1968) ; i t  i s  b u r ied  beneath  
lam inae o f  l ip o p r o te in s  and lip o p o ly sa c c h a r id e s  ( F i g .3) which provide  
a b a r r ie r  to  th e  d if f u s io n  o f  lysozym e. T h is may be d isru p ted  
ex p er im en ta lly  by in cu b a tio n  under a lk a lin e  c o n d it io n s  ( Z inder and 
Arndt, 1996 ; V os, 1964) ,  f r e e z in g  and thawing (Kohn, i9 6 0 ) or 
treatm ent w ith  a lk a lin e  (pH8-9) e th y le n e d ia m e n e te tr a a c e tic  a c id  
(E .D .T .A .) ( B ir d s e l l  and G ota-R obles, 1 967)* There i s  no ev idence  
th a t t h i s  occu rs in  albumen (Board and H a lls ,  1973c) and i t  i s  
notew orthy th a t  Gram -negative b a c te r ia  are the dominant contam inants  
o f  r o t te n  eggs (Board, 1964 ; 1 9 6 9 ).
Lysozyme ( F i g .4 ) ,  a b a s ic  p r o te in  w ith  a m olecu lar w eig h t o f  
about 1 4 ,0 0 0  c o n s i s t s  o f  a s in g le  p o ly p ep tid e  ch a in  o f  129 amino 
a c id s  ( J o l i e s  e t  ^ . ,  1963 ; G a n fie ld , 1963) c r o s s - l in k e d  in  fou r  
p la c e s  by d isu lp h id e  b r id g es  (Brov/n, 1964) .  The th ree  d im en sion al
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s tr u c tu r e  o f  th e  m olecu le was determ ined by X -ray a n a ly s is  (Johnson & 
P h i l l i p s ,  1965 ; Blake e t  19&9 ; P h i l l i p s ,  1966 ; 196?)* The
sequences o f  amino a c id  r e s id u e s  5 - 1 5  ? 2 4 - 3 4  ; 8 8 - 9 6  form 
th r e e  le n g th s  o f  h e l i x  however th e s e  appear to  be d is to r te d  from 
th e  " c la s s ic a l"  form . The h e l i c a l  s e c t io n s  ten d  to  be r o ta te d  so th a t  
t h e ir  -  CO -  groups p o in t outwards and t h e ir  -  NH -  groups inwards 
from th e  a x is  o f  th e  h e l i x .  This r o ta t io n  i s  n ecessa ry  fo r  the in te r n a l  
hydrogen bonding o f  th e  m o lec u le . There are two le n g th s  o f  a n t i ­
p a r a l l e l  p le a te d  s h e e ts  which occur between r e s id u e s  41 -  45 and 50 -  
5 4 . R esid u es 46 -  49 are fo ld e d  in to  a h a ir -p in  bend betw een th e  two 
le n g th s  d e sc r ib e d  above. The whole s tru c tu re  i s  s t a b i l iz e d  by hydrogen  
bonds b u t th e rem ainder o f  the ch a in , o th er  than the r e s id u e s  d escr ib ed  
i s  fo ld e d  in  ir r e g u la r  ways th a t  d e fy  sim ple d e s c r ip t io n .
P h il l ip s  ( 1966) commented on th e fo ld in g  o f  the lysozyme m olecule. 
The fo ld ed  chain  forms a stru ctu re  with two wings ly in g  a t an angle  to  
each o th er ( F ig .4 ) .  The len g th  o f  o c h e lix  formed by resid u es 86 -  96 
l i e s  in  a gap formed between the two wings but does not com pletely f i l l  
i t .  The remaining c l e f t  forms the a c t iv e  s i t e .
Johnson and P h i l l ip s  ( 1965) showed th a t  lysozym e was in h ib it e d  by 
the c h i t i n  tr is a c c h a r id e ,  (NAG)^. I t  was bound to  the enzyme m olecu le  
by s i x  hydrogen bonds and over 40 Van der Waal* s c o n ta c ts ,  f i l l i n g  
n ea r ly  h a l f  th e  le n g th  o f  th e  c l e f t .  I n h ib ito r s  lo n g er  than th ree  
sugar r e s id u e s  co u ld  not be used  because th ey  were more r e a d i ly  c lea v ed  
and had d i f f i c u l t y  d i f f u s in g  in to  th e  enzyme c r y s t a l .  P h i l l ip s  ( l9 6 6 ) ,  
on th e  assum ption  th a t  th e  in te r a c t io n s  in v o lv e d  in  th e  b in d in g  o f  th e  
in h ib i t o r  were th e  same as  th o se  in v o lv e d  in  th e  b in d in g  o f  th e  
s u b s tr a te ,  co n stru c ted  a model showing how a su b str a te  c o n s is t in g  o f  
s ix  r e s id u e s  (A -  F) o f  NAG cou ld  b ind  to  th e  c l e f t .  T h is  model 
showed th a t  : (a )  s i x  sugar r e s id u e s  f i l l  th e  e n t ir e  le n g th  o f  th e  
c l e f t  ; (b ) r e s id u e  D i s  d is to r te d  from i t s  normal c h a ir  conform ation
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to  a h a lf - c h a ir  conform ation  ; (c )  N-acetyImuramic a c id  cou ld  not
b ind  to  the enzyme a t  s u b s it e s  A, C or  E due to  th e  D - la c t y l  e th er
group a t  C3 ; (d ) th e  o n ly  p o s s ib le  lin k a g e  a f f e c t e d  by th e  enzyme
was betw een sugar r e s id u e s  D and E ; (e )  th e most r e a c t iv e  groups
near s u b s it e s  D and E are th e  ca rb o x y l groups o f  GLU 35 and ASP 52
w hich a re  lo c a te d  on e i th e r  s id e  o f  th e  P ( l - 4 )  l in k a g e . Johnson and
P h i l l ip s  ( 1965) observed  a movement o f  th e  s id e  ch a in  o f  TRP 60 , about 
o
O.75A towards sugar r e s id u e  B, when th e  su b s tr a te  was bound to  the
enzyme thus in d ic a t in g  an induced  f i t  (K oshland, 1 9 5 8 ) .
18R upley ( 1967) showed by 0 - la b e l l in g  experim ents th a t  lysozym e -  
c a ta ly s e d  r e a c t io n s  in v o lv e d  c lea v a g e  betw een C1 o f  one pyranose r in g  
and th e  oxygen jo in in g  i t  to  C4 o f  th e  n ex t r in g .  G ly co sid es  are  
e s p e c ia l ly  s u s c e p t ib le  to  a c id  -  c a ta ly s e d  carbonium io n  form ation  
b ecau se the neighbouring r in g  oxygen s t a b i l i z e s  th e  p o s i t iv e  charge.
In  g ly c o p y r a n o sid es  however, a con form ation a l change i s  n ecessa ry  f o r  
t h i s  to  o ccu r . The enzymic mechanism has been p o s tu la te d  to  take  
p la ce  in  th e  fo llo w in g  manner. A lysozym e m olecu le  a t ta c h e s  i t s e l f  
to  th e  b a c t e r ia l  c e l l  w a ll by in te r a c t in g  w ith  s i x  exposed amino sugars  
p ro v id in g  o th er  components e .g .  t e ic h o ic  a c id s  do n o t p reven t th e  
enzyme from a t ta c h in g .  During t h i s  p ro cess , r e s id u e  D i s  d is to r te d  
from i t s  u su a l con form ation . GLÜ 35 then tr a n s fe r s  i t s  term in a l 
hydrogen atom in  the form o f  a hydrogen io n  to  the g ly c o s id ic  oxygen  
b r in g in g  about th e  c lea v a g e  o f  th e  bond betw een th a t  ojcygen and Cl o f  
r e s id u e  D. T h is c r e a te s  a p o s i t i v e l y  charged carbonium io n  (C*) where 
th e oxygen has been removed from C l. T his io n  i s  s t a b i l i z e d  by  
in t e r a c t io n  w ith  th e  n e g a t iv e ly  charged s id e  ch a in  o f  ASP 52 u n t i l  i t  
can combine w ith  a hydroxyl io n  (OH ) th a t  d i f f u s e s  in to  p o s it io n  from  
th e  surrounding w a ter . The lysozym e m olecule th en  f a l l s  away le a v in g  
behind a punctured c e l l  w a ll  and a c e l l  th a t may ly s e  in  h yp oton ic  
m edia. The r e a c t iv e  groups near th e  bond c lea v ed  are  in  environm ents
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th a t favou r t h is  c a t a ly t i c  a c t io n  i . e .  ASP 92 i s  in  a h ig h ly  p o lar  
environm ent and i s  probably io n ic  under most c o n d it io n s  -  GLU 35 i s  
in  a n o n -p o la r  environm ent and i s  u n lik e ly  to  be io n is e d .  Table 9 
l i s t s  a few  o f  the many in te r a c t io n s  in v o lv e d  in  th e  b in d in g  o f the  
su b s tr a te  to  th e  enzyme.
Sharon and S e i f t e r  and Kravchenko ( l9 6 ? )  reported  a
" tr a n sg ly c o sy la t io n "  a c t io n  fo r  lysozym e. T his proceeds in  the same 
way as  h y d r o ly s is  b u t, in s te a d  o f  w ater com p letin g  the r e a c t io n , an 
a c c e p to r  sacch arid e  a t ta c h e s  to  th e  c l e f t  a t  s u b s it e s  E and ?  and i s  
bound to  th e  r e s id u e s  l e f t  behind in  th e  c l e f t .
The d ecrease  in  tu r b id ity  w ith  tim e o f  a su sp en sio n  o f  ly o p h il iz e d  
c e l l s  o f  M. ly s o d e ik t ic u s  i s  th e  commonest method fo r  determ ining  
lysozym e a c t i v i t y  (P arry e t  a l . .  1 9 6 9 ) . L y sis  o ccu rs  over the pH range 
o f  4  -  10 (Chang and Carr, l9 7 l ; D avies e t  a ^ . , 1969 ; S a in t -  
B lancard _et ^ . ,  1 9 7 0 ). The r a te  o f  l y s i s  i s  markedly dependent upon 
io n ic  s tr e n g th  ; lysozym e i s  a c t iv a te d  by a low and in h ib ite d  by h igh  
s a l t  c o n c e n tr a t io n s . T his in h ib i t io n  i s  c o r r e la te d  c lo s e ly  w ith  the  
c a t io n  c o n c e n tr a tio n  and charge ( Chang and Carr, l 9 7 l )  so th a t  
p o ly v a le n t  c a t io n s  are  s tro n g er  in h ib it o r s  than m onovalent o n es .
D avies ^  , ( l  969) su g g ested  th a t in h ib it io n  was due to th e  h igh
io n ic  s tr e n g th  d isr u p tin g  th e e l e c t r o s t a t i c  fo r c e s  th a t  a tta c h  the  
lysozym e m olecu le  to  th e  b a c t e r ia l  c e l l  w a ll .
Lysozymes have been i s o la t e d  from a v a r ie ty  o f  sou rces (Feeney  
and A l l i s o n ,  1969) ranging from b a c te r ia  and phages to  av ian  eg g s .
T heir c o n tr ib u t io n  to  th e t o t a l  egg w h ite  ranges from 3 - 4 0  (w et 
w eigh t) in  th e  ch ick en , o th er  g a ll ifo r m e s  and a n s e r i f ormes (Feeney  
and A l l i s o n ,  1969) to  o n ly  tr a c e  amounts in  penguin eggs (Manwell and 
Baker, 1 9 7 3 ) . The amino a c id  sequences have been determ ined fo r  
s e v e r a l a v ia n  lysozym es ( J o l i e s  ^  , 1976) and p a r t ia l  sequences
are known f o r  many o th ers  ( J o l i e s  ^  a l . ,  1977 ).
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I n i t i a l  s tu d ie s  o f  th e  lysozym e o f  White Embden Goose egg w hite  
le d  to  th e  in t e r e s t in g  o b serv a tio n  th a t  i t  d i f f e r e d  s ig n i f i c a n t l y  
from th a t  o f  ch ick en  egg w h ite  and o th er  homologous a v ia n  lysozym es  
in  eimino a c id  sequence (C a n fie ld  and McMurry, 1 9 6 ? ), enzymic a c t iv i t y  
( J o l i e s  ^  a l . ,  1968 ; Arnheim a t 1973 ; G eoffroy and B a ile y ,
1975) ,  c r y s ta llo g r a p h y  (B o tt  and Sarma, 1975) and im m unological 
r e a c t iv i t y  (Arnheim and S t e l l e r ,  1970 ; J o l i e s  ^  1 9 7 6 ). The
goose lysozym e, lysozym e^ , has approxim ately  18O amino a c id s ,  4  
h a l f  c y s t e in e  r e s id u e s , 2 d isu lp h id e  b r id g es  and a m olecu lar w eigh t  
o f  1 9 ,5 0 0  -  2 1 , 5 0 0 . I t  i s  a muramidase l ik e  th e lysozym e from ch ick en , 
lysozym e^ (Arnheim e t  a l . .  1973) h u t i t  i s  s p e c i f i c  fo r  NAM r e s id u e s  
whose l a c t y l  group i s  p ep tid e  lin k e d  (D ianoux and J o l i e s ,  1 9 6 7 ). In  
c o n tr a s t  to  lysozym e^, i t  has a marked in a b i l i t y  to  h yd ro lyse  la r g e  
polym ers o f  NAG (Charlemagne and J o l i e s ,  1967) and i s  n ot a f f e c t e d  by 
NAG in h ib i t o r s  ( J o l i e s  ^  a l . ,  1 9 6 8 ) ,
The lysozym e m olecule con ta in s amino a c id  resid u es arranged in  
" site s"  to  which a n tib od ies may bind (W ilson and Prager, 1974 ; Arnon 
e t  a l . . 1974 ; Ibrahim! ^  a l . ,  1 9 7 9 ). A ntisera produced in  response  
to  ch icken lysozyme w i l l  not cro ss  rea ct with goose lysozyme and v ic e  
v e rsa . Thus s e r o lo g ic a l  methods can be used to  demonstrate the 
presence o f  th ese  two lysozym es in  other egg w h ites, fo r  example both  
lysozyme^ and lysozyme^ c o -e x is t  (Morgan and Arnheim, 1974) in  the egg 
w hite o f  the Black Swan. A vailab le  evidence suggests th at th ese are  
th e  products o f  d if fe r e n t  g en etic  l o c i .  The egg w hite o f  other b ird s  
conta in s on ly  lysozyme^ (Chicken, Peking Duck) or lysozyme^ (Embden 
G oose). The absence o f  e ith e r  enzyme i s  not a r e f le c t io n  on whether 
or not the s tr u c tu r a l genes fo r  th ese  lysozymes are present in  the  
genome o f  the sp e c ie s  ; both genes are present and for some reason  
only one i s  expressed in  some in s ta n c e s . A t is s u e  survey o f  the duck 
revea led  both typ es o f  enzyme (Arnheim, 1 9 7 4 )• The dom estic hen
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produces both  lysozym e^ and lysozym e^ a ls o  th e  form er occu rrin g  
in  th e  egg w h ite  and both  in  the polym orphonuclear le u k o c y te s  
(H indenburg ^  1974)
A lthough the l y t i c  a c t io n  o f  lysozym e in  albumen has been  
dem onstrated  w ith  ly s o z y m e -s e n s it iv e  b a c te r ia  (F lem ing , 1922 ; 
G a r ib a ld i, i9 6 0 )  th e r e  i s  no d ir e c t  ev id en ce  th a t i t  p la y s  an 
im portant r o le  in  p r o te c t in g  av ian  eg g s a g a in s t  in f e c t io n  (Board 
and F u l le r ,  1 9 7 4 ) .  The R ussian  w orkers Korotkova ( l9 5 7 ) ,  Tokin  
( l  964) and Movchan ( l  964) concluded a ls o  th a t  t h i s  enzyme has but 
a minor r o le  in  th e  e g g 's  a n t im ic r o b ia l d e fen ce . Lysozyme may be 
in v o lv e d  more d i r e c t ly  in  th e  p h y s ic a l s tr u c tu r e  o f  the w h ite  and 
hence the p h y s ic a l  d efen ce  o f  th e  eg g . The g e la t in o u s  s tr u c tu r e  o f  
th e  t h ic k  w h ite  i s  formed by an in te r a c t io n  betw een lysozym e and 
ovomucin, th e  s t r u c t u r a l  g ly c o p r o te in  o f  egg w h ite  (Hawthorne, 1950 } 
Dam, l9 7 l ; C o t t e r i l l  and W inter, 1955 ; Brooks and H ale, 1959 ; 
Robinson and K onsey, 1 9 7 2 ) . Hen egg w hite  ovomucin c o n s is t s  o f  two 
components (R obinson  and Monsey, I97 l » 1972 ab ; 1975) • ovomucin 
(M.W. 210 , 0 0 0 ) c o n ta in in g  about 10 (w/w) s i a l i c  a c id  and p  ovomucin 
(M.W. 7 2 0 , 0 00 ) w hich c o n s i s t s  o f  g lo b u la r  su b u n its  and c o n ta in s  100  
(w/w) s i a l i c  a c id .  Kato a l* ,  1975 showed th a t  th ere  was an 
e l e c t r o s t a t i c  a t t r a c t io n  betw een th e  n e g a tiv e  charges o f  th e  term in a l 
s i a l i c  a c id  and th e  p o s i t iv e  charges o f  th e  l y s y l  € -amino groups o f  
lysozym e and th a t  t h i s  in t e r a c t io n  d ecreased  co rresp o n d in g ly  to  
enzym atic rem oval o f  th e  s i a l i c  a c id  by neuram in idase.
The in t e r n a l  q u a lity  o f  th e  egg has been r e la t e d  to  th e  lysozym e 
con ten t o f  th ic k  egg w h ite  ( S au ter and P e te rso n , 1972 ; Goel ^  a l . . 
1975) thus the c o n tr ib u t io n  o f  lysozym e to  th e a n t im ic r o b ia l system s  
o f  th e  egg w h ite  can be co n sid ered  in  two ways ; (a ) l y s i s  o f  s e n s i t iv e  
organism s ; (b ) m aintenance o f  the album inous sac and hence the  
b io lo g ic a l  s tr u c tu r e  o f  th e  egg .
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üvotr a n s fe r r in
The tr a n s fe r r in s ,  a fa m ily  o f  homologous p r o te in s , are  
d is t r ib u te d  w id e ly  in  th e sera  o f  most v e r te b r a te s  (Zsochke and 
B ezkorovainy, 1974) in  the m ilk  and o th er  s e c r e t io n s  o f  mammals 
(Masson and Heremans, l 9 7 l )  and in  th e  w h ite  o f  av ian  eggs (Baker,
1968 ; S ib le y ,  1970 ; Clark e t  a l . .  1963) • No p a r t ic u la r  nom enclature 
has been g e n e r a lly  a ccep ted  for  th ese  p r o te in s  and many names are used  
in  the l i t e r a t u r e  :
Iron  b in d in g  p r o te in  from serum : tr a n s fe r r in  ; s id e r o p h il in  ;
P i-m eta l combining p r o te in .
Iron  b in d in g  p r o te in  from m ilk  : la c  to  tr a n s fe r r in  ; la c to f e r r in  ;
red  p r o te in .
Iron  b in d in g  p r o te in  from egg w hite : conalbumin ; o v o tr a n s fe r r in .
A c h a r a c t e r is t ic  fe a tu r e  o f  a l l  o f  th e se  p r o te in s  i s  t h e ir  a b i l i t y
to  b ind two f e r r ic  ir o n  atoms per p r o te in  m olecule (A isen  _et 1966)
a t  two d i f f e r e n t  s i t e s  (Aasa ^  , 1963) to produce a salm on-pink
complex (Schade 1949) w ith  an ab sorp tion  maximum a t  400 -  470
nm ; t h i s  form s the b a s is  o f  many a ssa y s  fo r  th e s e .p r o te in s .
The tr a n s fe r r in s  may form com plexes w ith  o th er  t r a n s i t io n  m eta ls ;
th ese  have a b so rp tio n  maxima a t  d i f f e r e n t  w avelengths and absorbances 
o f  d i f f e r e n t  m agnitude. Thus, copper y ie ld s  a y e llo w  complex w ith  
t r a n s fe r r in  (Holmberg and L a u r e ll, 1947) and o v o tr a n sfe r r in  (F raen k el-  
Conrat and Feeney, 1 950) which has an a b sorp tion  maximum a t  440 nm, 
but th e z in c -o v o tr a n s fe r r in  com plex i s  c o lo u r le s s  (Warner and Weber, 
1953) .  D isp lacem ent s tu d ie s  (Tan and Woodworth, 19&9) showed the  
fo llo w in g  r e l a t iv e  s t a b i l i t i e s  o f  m e ta l-o v o tr a n sfe r r in  com plexes :
Fe^"^ >  Cr̂ "*" ; Cu "̂  ̂>  Mn̂ "̂  ; Co "̂  ̂ ; Cd̂ '*’ >  Zn '̂*' >  Ni '̂*’
the m eta l com plexes d is s o c ia t e  in  a c id  (< p H 6 ,5 )  but not in  a lk a lin e  
s o lu t io n  (pH 9-lO ). D iv a le n t iro n  i s  not bound to  t r a n s fe r r in  (Gaber
3 5
and A isen , 1970) a lth ou gh  B ates e t  a d .,  (1973) cla im  th a t t r a n s fe r r in  
p o s s e s s e s  fe r r o x id a se  a c t iv i t y  and th a t Fe^^ i s  bound to  tr a n s fe r r in  
b e fo r e  b e in g  o x id is e d  by atm ospheric oxygen.
S tarch  g e l  e le c tr o p h o r e s is  has rev e a led  th a t o v o tr a n s fe r r in  e x i s t s  
in  m u lt ip le  form s. T h is i s  p a r tic u la r 3 y  n o ta b le  in  th e  s ta r c h -g e l  
p a tte r n s  o f  th e  R a t it e s  (Osuga and Feeney, 1 9 6 8 ) .'  The cassow ary, fo r  
exam ple, p o s se s s e s  s i x  forms o f  o v o tr a n s fe r r in  (C lark  e t  a l . .  1963) 
which can  b e sep arated  one from an oth er. Lush ( l9 6 l )  and Ogden ^  a l . 
( 1962) showed th a t  ch icken  egg w h ite  o v o tr a n s fe r r in  v a r ied  
e le c t r o p h o r e t ic a l ly  and g e n e t ic a l ly  w ith in  one s t r a in .  Methods fo r  the  
p u r if ic a t io n  o f  o v o tr a n s fe r r in  are g iv en  in  th e  Appendix.
O v o tra n sferr in  i s  a g ly c o p r o te in  c o n s t itu t in g  about 1 ^  o f  the  
t o t a l  p r o te in  c o n ten t o f  hen egg w h ite . I t s  carbohydrate m oiety  
c o n s is t s  o f  3 .5  m oles mannose and 5 .6  m oles o f  glucosam ine per 80 ,0 0 0  g 
o f  p r o te in  (W illia m s, 1968) ; most (880) o f  t h i s  carbohydrate occu rs  
as a s in g le  o lig o s a c c h a r id e . O v o tra n sferr in , u n lik e  t r a n s fe r r in ,  
c o n ta in s  no s i a l i c  a c id  (W illia m s, 1 9 6 2 ).
C o n f l ic t in g  o b serv a tio n s  have been made by workers who have 
attem pted  to  d e f in e  th e  primary s tr u c tu r e  o f  o v o tr a n s fe r r in . The amino 
a c id  co m p o sitio n  i s  not unusual and does n o t vary a p p rec ia b ly  betw een  
o v o tr a n s fe r r in s  frcm d if f e r e n t  a v ia n  sp e c ie s  ( Osuga and Feeney, 1 9 6 8 ) ,
I t s  h igh  m olecu la r  w eigh t (8 8 ,0 0 0  -  95 ,000) le d  to  su g g e st io n s  th a t  
i t  i s  formed from major su b u n its . The chem ical tech n iq u es o f  Ellem an  
and W illia m s ( l 970) and th e  p h y s ic a l  ones o f  Greene and Feeney ( l 968) 
and B ezkorovainy e t  ^ . ,  ( l 968) have rev e a led  however th a t o v o tr a n s fe r r in  
c o n s is t s  o f  a s in g le  p o ly p ep tid e  ch a in . Greene and Feeney ( 1968) 
su gg ested  th a t  t h i s  ch a in  co n ta in ed  two homologous s e c t io n s  each o f  
which o r ig in a te d  by gene d u p lic a t io n . T h is was supported by th e  
o b se r v a tio n s  o f  P h i l l ip s  and A zari ( l 9 7 l )  who s p l i t  o v o tr a n s fe r r in  in to  
th ree  p o ly p ep tid e  fragm ents by cyanogen bromide c lea v a g e  whereas n in e
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fragm ents would have been  exp ected  from the m eth ion ine co n ten t o f  
th e  p r o te in .  The sum o f  th e m olecu lar w eig h t o f  th e s e  fragm ents  
(2 1 ,0 0 0  : 9 ,4 0 0  : 7 ,0 0 0 )  w a s-e x a c tly  h a l f  th a t  o f  th e n a t iv e  p r o te in .  
O ther w orkers have o b ta in ed  r e s u l t s  th a t  su g g est  o v o tr a n s fe r r in  does 
n ot c o n s i s t  o f  id e n t ic a l  h a lv e s .  Thus, Bezkorovainy and G rohlich  
( 1974) s p l i t  o v o tr a n s fe r r in  in to  e ig h t  and Tsao ^  ( l  974 abc)
fo u r , which was in c r e a se d  to  e ig h t  a f t e r  re d u c tio n  fo llo w ed  by  
carb o x y m eth y la tio n . The l a t t e r  w orkers cou ld  account fo r  a l l  e ig h t  
m eth ion in e r e s id u e s  and th ey  i s o la t e d  a fragm ent, CFl, lA ic h  had 
s p e c i f i c  ir o n  b in d in g  a c t i v i t y .  The o th er  b in d in g  s i t e  was a s s o c ia te d  
w ith  th e  rem aining th r e e  fragm ents, GF2, CF3 and CF4.
U n lik e  haem oglobin , o v o tr a n s fe r r in  does n o t have p r o s th e t ic  
groups in v o lv e d  in  th e  b in d in g  o f  Fe^^. I t  was p o s tu la te d  i n i t i a l l y  
th a t th e  m eta l b in d in g  s i t e  in  o v o tr a n s fe r r in  i s  a s s o c ia te d  w ith  the 
s id e  groups o f  s p e c i f i c  amino a c id  r e s id u e s  (F raenk el-C on rat and 
F eeney, 1950) and th a t  th e se  were s im ila r  fo r  each o f  the two s i t e s .
As the b in d in g o f  iro n  and copper to  ovo tra n sferr in  was shown to  be 
accompanied by the r e le a s e  o f  three and two protons r e sp e c t iv e ly ,
Warner and Weber ( l9 5 3 )  W ishnia e t  ^ . ,  ( l9 & l) su g g ested  th a t ,  
w ith  th e  pH a t  which th ey  worked, ty r o s y l  groups would be th e  most 
l i k e l y  so u rce  o f  th e se  p r o to n s . T h is was confirm ed by th e  dem onstration  
th a t no c o lo u r  d eveloped  when ir o n  o r  copper was added to  o v o tr a n s fe r r in  
which had i t s  ty r o s in e  groups io d in a te d  (A za r i and F eeney, 1961) ; 
th e r e  was no lo s s  o f  co lo u r  when th e m etal-com plex  was io d in a te d .  
A c é ty la t io n  (Komatsu and Feeney, 1967) and n i t r a t io n  (L ine ^  1967)
o f  o v o tr a n s fe r r in  confirm ed  the co n te n tio n  th a t ty r o s in e s  were in v o lv e d  
in  th e  m e ta l-b in d in g  s i t e .  Indeed w ith  th e  l a s t  two m ethods, s i x  few er  
ty r o s y I s  were m od ified  in  th e  ir o n -sa tu r a te d  than in  th e  ir o n - f r e e  
p r o te in  th ereb y  su g g e stin g  th a t th ree  ty ro  sy I s  were in v o lv e d  in  th e  
b in d in g  o f  each ir o n  atom . L ine jet ^ . ,  ( l9 6 ? )  and Bezkorovainy and
37
G rohlich  ( l 9 7 l ) ,  who used  brom oacetate to  m odify th e  im id a zo le  groups 
i n  t r a n s f e r r in ,  found th a t  a p o tr a n sfe r r in  (m e ta l- fr e e  tr a n s fe r r in )  
co u ld  n o t  b ind  ir o n .  Two im id a zo le  groups were found t e  be bonded to  
each ir o n  atom .
Schade e t  a l . ,  ( l 949) were the f i r s t  t o  dem onstrate th a t  CÔ  was 
in v o lv e d  in  th e  form ation  o f  ir o n  com plexes o f  human serum tr a n s fe r r in .  
Warner and Weber ( l 953) showed th a t  o v o tr a n s fe r r in  req u ired  carbonate  
or b ica r b o n a te  f o r  th e  form a tio n  o f  th e  co lo u red  com plex. Iron  b ind ing  
to  th e  s p e c i f i c  s i t e s  on th e  t r a n s fe r r in s  needs con com ittan t an ion  
b in d in g  (B a te s  and Sch labach , 1975) ; carbonate o f  b icarb on ate  i s  the  
p re fer red  an ion  but sm all m o lecu lar  w eigh t compounds p o s se s s in g  two 
or more ca rb o x y l groups ( o x a la t e ,  E .D .T .A .) w i l l  a ls o  a c t iv a t e  the  
m eta l b in d in g  s i t e  (A isen  ^  19^7 ; Woodworth e t  a l . . 1 9 7 5 ). The
an ion  i s  n e c e ssa r y  fo r  chromophore developm ent ( A i s e n ^ ^ . ,  19^7) 
and b lo c k in g  the ca rb o x y l groups w ith  g lycin am id e p reven ts or g ly c in e  
e th y l  e s t e r ,  s low s down co lo u r  form ation  (Woodworth e t  a l . . 1975 )-  
A isen  ^  ^ . , ( l  9^7) who showed th a t  tern a ry  complex form ation  between  
m eta l, c h e la te  and t r a n s f e r r in  took p la ce  in  th e  absence o f  b ica rb o n a te , 
su g g este d  th a t  b ic a r b o n a te , through the d isp lacem ent o f  th e c h e la te  
was in v o lv e d  in  th e  r a t e - l im it in g  s te p  o f  chromophore developm ent.
T his v iew  was supported  by th e  k in e t ic  data ob ta in ed  from th e  b in d in g  
o f  ir o n  and copper to  hen o v o tr a n s fe r r in  (P h elp s  and A n to n in i, 1 9 7 5 ). 
Bates and Schlabach  ( l9 7 5 )  concluded  however th a t tr a n s fe r r in  appears 
to  have no a f f i n i t y  fo r  ir o n  in  the absence o f  a n io n s . The an ion s  
serve  a s  b in d in g  l ig a n d s  betw een th e m eta l and p r o te in , s t a b i l i z in g  
th e bond and p r o te c t in g  i t  from h y d r o ly s is  (W illiam s and Woodworth, 
1 9 7 3 ) . A lthough a model ( F i g .3 ) o f  th e  ir o n  b in d in g  s i t e  in v o lv in g  
th e  an ion  h as b een  proposed (Sch labach  and Bates^ 1 9 7 5 ), i t  does not  
account f o r  o th er  l ig a n d s  such as the h yd roxy ls  o f  ty r o s in e  and th e  
im id a zo le  n itr o g e n  o f  h i s t id in e  in v o lv e d  in  th e  b in d in g  s i t e .
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The two ir o n -b in d in g  s i t e s  o f  o v o tr a n s fe r r in  were con sid ered  to  
be e q u iv a le n t  and independent o f  each o th er  (A isen  e t  , 1 9 6 6 ) .  
Measurement o f  th e  b in d in g  by eq u ilib r iu m  d i a l y s i s  (Warner and Weber,
1953) showed th a t  th e  b in d in g  c o n sta n ts  f o r  ir o n  are v ery  la r g e  (about 
10^^) and th a t  th e  two s to ic h io m e tr ic  b in d in g  c o n s ta n ts  do not d i f f e r  
a p p r e c ia b ly  (A isen  and Leibman, 1 9 6 8 ) . A isen  ^  ( l9 7 0 )  proposed
the e x is t e n c e  o f  o v o tr a n s fe r r in  in  th ree  forms a t  eq u ilib r iu m  : (a )  
ir o n  f r e e  (b ) complexed w ith  one Fe^* and ( c )  com plexed w ith  two Fe^*.
The e x is t e n c e  o f  th e s e  forms were confirm ed by Donovan ^  ( l9 ? 6 ) .
They found th a t  in  th e  absence o f  low m olecu lar w eigh t c h e la to r s  such  
a s  n i t r i l o t r i a c e t i c  a c id  (N .T .A .) ir o n  b in d s randomly to  th e two s i t e s .
In  the p resen ce  o f  N.T.A. b in d in g  a t  one s i t e  i s  s l i g h t l y  favoured  and 
once ir o n  had been  bound a t  e i th e r  s i t e  th e  b in d in g  a f f i n i t y  fo r  th e  
unoccupied one was d ecrea sed . This " a n ti-c o o p e r a t iv ity "  may be 
a t tr ib u te d  to  a con form ation a l change in  th e  p r o te in  fo llo w in g  th e  
b in d in g  o f  th e  f i r s t  Fe^* (Emery, 1 969) •  U n lik e  human serum tr a n s fe r r in  
where marked d if f e r e n c e s  in  th e  r e le a s e  o f  th e  f i r s t  and second Fe^^ 
io n s  occu r  (F le tc h e r  and Huehns, 1967 ; H arris and A ise n , 1 9 7 3 ), th e  
r e le a s e  o f  ir o n  by o v o tr a n s fe r r in  to  c h ic k  embryo e r y th r o c y te s  does 
not d is t in g u is h  betw een th e  two s i t e s  (W illia m s and Woodworth, 1973)»
The ir o n  com plexes o f  o v o tr a n s fe r r in  are more s ta b le  than th e  
m e ta l- fr e e  ones to  d én a tu ra tio n  by h e a t , o rgan ic  s o lv e n t s ,  h igh  
p ressu r es  and exposure to  h igh  c o n cen tra tio n s  o f  urea or gu an id in e  
(A za r i and F eeney, 1938 ; 1 9 6 l) •  T h is enhanced s t a b i l i t y  has been  
in te r p r e te d  on th e  b a s is  th a t  c h e la t io n  o f  the m eta l ca u ses  th e  form ation  
o f  new bonds th a t  s t a b i l i z e  and perhaps m odify th e  secondary and t e r t ia r y  
s tr u c tu r e s  o f  th e  m o lec u le . The form ation  o f  th e  ir o n  complex s t a b i l i z e s  
th e a c t iv e  c e n tr e  fo r  ir o n  b in d in g  so th a t  th e  c a p a c ity  i s  p r o te c te d  but 
a ls o  th a t m o d if ic a t io n  o f  o th er  p a r ts  o f  the m o lecu le  can occur w ith ou t 
d én a tu ra tio n .
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Apart from in h ib it io n  o f  m icro b ia l growth, the b io lo g ic a l  
fu n c tio n  o f  o v o tr a n s fe r r in  in  the avian  egg has not been dem onstrated. 
There i s  no d ir e c t  ev idence fo r  ir o n -tr a n sp o r t  by o v o tr a n sfe r r in  in  
egg w hite ; e s s e n t ia l l y  a l l  th e  ir o n  o f  the egg i s  in  th e y o lk .
A vid in
The a b i l i t y  o f  c e r ta in  foods and e x tr a c ts  to  p ro tec t  r a ts  a g a in st  
th e harmful e f f e c t s  o f  raw egg w h ite  (B oas, 1924 ; 192?) le d  Gyorgi 
( l 939) to  the id e n t i f i c a t io n  o f  "vitam in H" w ith  the y e a s t  growth 
fa c to r , b io t in  (&ybrgi _et , 1940). The in im ic a l  fa c to r  o f  egg  
w h ite , a v id in , i s o la t e d  by Eakin e t  (l9 4 0  ; l 9 4 l ) ,  formed a non-
d ig e s t ib le  (P arsons e t  1940) complex w ith  b io t in  thus making the
vitam in  u n a v a ila b le  to  the h o st  (Eakin ^  , 1940 ) .  I t  i s  p resen t
in  th e egg w h ite  o f  many b ir d s  (H ertz and S e b r e l l ,  1942 ; Jones and 
B riggs, 1962) ,  th e  egg j e l l y  o f  fr o g s  (H ertz and S e b r e l l ,  1942) and 
the a lb u m en -secretin g  t i s s u e s  o f  th e  o v id u ct o f  la y in g  hens (Fraps 
e t  a l . , 1943)» I t  can be induced  by p rogesteron e in  th e  o v id u ct o f  
oestrogen-prim ed  c h ic k s  (H ertz , 1949 i Fraps e t  a l . ,  1943 î O'M alley  
e t  a l . . 1969) bu t i t  i s  a b sen t from th e  o v id u ct o f  n o n -la y in g  hens 
and m ucosal scra p in g s o f  p ig , cow and guinea p ig  o v id u cts  (H ertz , 1946). 
An a v id in - l ik e  p r o te in , s tr e p ta v id in ,  in  th e  c u ltu r e  f i l t r a t e  o f  
Streptom.yces spp. (C h a iet e t  a l . .  1 963) a ls o  p o sse s se s  a n tim ic r o b ia l  
a c t iv i t y  which can be reversed  by th e  a d d it io n  o f  b io t in  (T ausig  and 
•Volf, 1964 ; M ille r  and T au sig , 1964) .  Bio t in -b in d in g  p ro te in s  have 
a ls o  been found in  th e  egg y o lk  (W hite e t  ^ . ,  1976) and plasma 
(M andella ^  a l . ,  1978) o f  th e  hen . These are s im ila r  to  a v id in  ex cep t  
in  th e ir  c a p a c ity  to  r e le a s e  b io  t i n .  The y o lk  and plasma p r o te in s  are  
norm ally sa tu ra ted  w ith  b io t in  which exchanges q u ite  r e a d ily  a t  th e  
body tem perature o f  th e  hen, an im portant fe a tu r e  i f  b io t in  i s  to  be 
a v a ila b le  fo r  th e d evelop in g  embryo. In c o n tr a s t ,  a v id in , p resen t in
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i r a t c d  s t a t e  in  t h e  w Litc ,  Linds b i o t i n  very  ti^^htl^ 
not exchange i t  a p p r e c i a b ly  a t  body’ t e m p e ra tu re .  Th is  i s  a s i g n i f i c a n t
f a c t o r  i f  i t  i s  t o  f u n c t i o n  as an a n t i m i c r o b i a l  ag en t .
A v i i i n  ( s e e  Appendix f o r  p u r i f i c a t i o n ) ,  a b a s i c  g l y c o p r o t e in  
( h . „ .  7 0 , 0 0 0 ) ,  c o n s i s t s  o f  f o u r  i d e n t i c a l  p o ly p e p t id e  su b u n i t s  
c o n t a i n in g  1 29 asd.no a c id s  (OeLange l97b ; I r e e n  and Toms, 1 970), n i t h  
a l a n i n e  and g lu tam ate  a t  the  amino and ca rb o x y l  ends r e s p e c t i v e l y .
T ryps in  and Cyanogen bromide (ClTEr) c leavage  have e s t a b l i s h e d  the 
complete amino a c id  sequence (DeLange, 1970 ; DeLange and Huang, 1971 ; 
Huang and DeLange, l 9 7 l ) .  The p r o t e i n  i s  c h a r a c t e r i s e d  by i t s  high 
th r e o n in e  c o n t e n t ,  s i n g l e  r e s i d u e s  o f  h i s t i d i n e  and t y r o s i n e  and two 
of  c y s t e i n .  I t  a l s o  c o n ta i n s  4 - 3  r e s i d u e s  o f  mannose and 3 -  4 c f  
glucosamine l i n k e d  by one c f  th e  a ce ty lg lu c o sam in e  r e s id u e s  to  A3I' 17 ;
the s t r u c t u r e  o f  t h i s  c a rb o h y d ra t e  i s  unknown.
A v id in  b in d s  f o u r  m olecu les  of b i o t i n ,  one pe r  s u b u n i t .  Measurement 
o f  t h e  d i s s o c i a t i o n  c o n s t a n t  by e q u i l i b r iu m  d i a l y s i s  with  r a d i o a c t i v e  
b i o t i n  (Launer  and F ra e n k e l -C o n ra t ,  1931) gave an upper l i m i t  of 10 ^
An a c c u r a t e  d e t e r m in a t io n  was im p o ss ib le  because  o f  i m p u r i t i e s  i n  the  
b i o t i n .  The r a t e  of exchange of bound ^ ^ C -E io t in  with  an excess  o f  
u n l a b e l l e d  b i o t i n  by s e p a r a t i n g  f r e e  from bound b i o t i n  w i th  CL. -  
c e l l u l o s e  gave a va lue  o f  10 (Green, 1 9 6 3a ) .
F r a e n k e l - C o n r a t  e t  _al. ( l932b)  concluded t h a t  the b in d in g  s i t e  
o f  a v i d i n  d id  no t  c o n ta i n  r e a c t i v e  amino, p h e n o l i c ,  im idazo le ,  carboxyl  
o r  d i s u lp h id e  g roups .  They found t h a t  s i g n i f i c a n t  { > 1 0 ' }  i n a c t i v a t i o n  
r e s u l t e d  from o x i d a t i o n  w i th  H^C^ i n  th e  p re sence  o f  Fe^^, t r e a tm en t  
with formaldehyde i n  th e  p re sence  c f  a l a n i n e  o r  LrkCH a t  fO^C. Although 
p r e c i s e  i n t e r p r e t a t i o n  o f  t h e s e  o b s e r v a t io n s  was no t  p o s s i b l e ,  
m o d i f i c a t i o n  o f  t ryp tophan  r e s i d u e s  was i m p l i c a t e d .  O xida t ion  of 
t ryp tophan  by K-bromcsuccinimide i n d i c a t e d  t n a t  each molecule of b io v in  
p r o t e c t s  f o u r  t ry p to p h an  r e s i u u e s  from o x i d a t i o n ,  and t h a t  each su b u n i t
41
a c t s  indep en d en t ly  to  tine o i h e r s  (Green, 1963  ab ; Green and liosc,
196c ) .  Tyrosine  and t ry p to p h an  account fo r  3'o' o f  the  absorbance  
o f  a v i d i n  a t  2b2 nm. The s h i f t  of t h i s  spectrumi to  longer  wavelengths  
when a v id in  r e a c t e d  w i th  b i o t i n  a l s o  sugges ted  t h a t  t r y p to p h an  r e s i d u e s  
were in v o lv e d  i n  the  b in d in g  (Green, 1562).  The s h i f t  was i n t e r p r e t e d  
as a t r a n s f e r  o f  t ry p to p h an  i n t o  a l e s s  p o la r  environment on b ind ing  
to a v i d i n .  A l y s i n e  r e s i d u e  has a l so  been im p l i c a t e d  i n  t h e  b ind ing  
o f  b i o t i n  t o  a v i d i n  (Green, 1973) .
b i o t i n  ana logues  a l s o  produce changes i n  t h e  d i f f e r e n c e  s p e c t r a  
cn b in d in g  to a v i d i n  and t h e i r  d i s s o c i a t i o n  c o n s t a n t s  can be c a l c u l a t e d  
from th e  sp ec t ro p h o to m e t r i c  t i t r a t i o n  curves  (Green,  1963a ) .  The 
d i s s o c i a t i o n  c o n s t a n t  d e c r e a se s  as the  s i m i l a r i t y  o f  the  analogue to 
b i o t i n  becomes more remote .  This  p rov ides  c lu e s  about the  d i f f e r e n t  
p a r t s  o f  t h e  b i o t i n  molecule  r e q u i r e d  f o r  b in d in g .  For example analogues  
con t a  i n i  i:Lg a broken imd da s o l i d  one r i n g  have d i s s o c i a t i o n  c o n s t a n t s  10^ 
t imes  g r e a t e r  th an  t h a t  o f  b i o t i n .  Measurement o f  th e  f r e e  energy 
a s s o c i a t e d  with  th e  b in d in g  o f  b i o t i n  and i t s  ana logues  to  a v id in  
i n d i c a t e  t h a t  every  atom in  the  b i o t i n  molecule i s  in v o lv ed  i n  th e  
i n t e r a c t i o n  with  a v i d i n .
Avid in ,  and p a r t i c u l a r l y  t h e  a v i d i n - b i o t i n  complex, have a marked 
s t a b i l i t y  to  d é n a t u r a t i o n  by h e a t  or breakdown by p r o t e o l y t i c  enzymes 
( Gyôrgi and Rose,  1 943)• The i o n i c  s t r e n g t h  o f  t h e  h e a t i n g  medium i s  
im p o r tan t  ; the  r e l e a s e  o f  b i o t i n  from a v i d i n  by a u t o c l a v i n g  (P a i  and 
L i c h s t e i n ,  1964 ; V/ei and b r i g h t ,  1964 ) was more r a p i d  (bSr" complete 
a f t e r  10 min a t  lOO^C) i n  th e  absence o f  0.2M Ammonium carbona te  tiian 
i t  was i n  i t s  p resence  (l  ÔZ a f t e r  13 min a t  10O^C) .
Avid in  r e s i s t  u n f o ld i n g  i n  h igh  c o n c e n t r a t i o n s  ( cM) o f  urea  
(F ra en k e l -C o n ra t  e t  l932a)  and moderate c o n c e n t r a t i o n s  o f  Guanine
h y d ro ch lo r id e  (Green, 1 9 6 3 c ) .  Above 3 . 3 -  GuHGl, the  p r o t e i n  beg ins  to 
u n fo ld  and i t s  b in d in g  a b i l i t y  dec rea se s  c o n c o m i t t a n t l y . Molecula r
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w eight measurements a t  6M GuHCl in d ic a te  th a t th e  p ro te in  d is s o c ia t e s  
in to  monomers. T e r t ia r y  s tr u c tu r e  and b in d in g  a b i l i t y  are not regained  
u n t i l  th e  c o n c e n tr a tio n  o f  GuHCl i s  lowered to  2M, Although a t  3.3M 
GuHCl th e r e  i s  no d e te c ta b le  tetram er s tr u c tu r e , b io t in  i s  bound to  
re fo ld e d  monomers. S a tu r a tio n  o f  a v id in  w ith  b io t in  p reven ts u n fo ld in g  
even in  8M G-uHCl or 0.1 M HCl. In  p a r t ia l ly  sa tu r a ted  a v id in  o n ly  the  
unoccupied su b u n its  are  v u ln era b le  to  d én atu ra tio n  by G-uHCl (Green and 
Toms, 197 2 ) or o x id a t io n  by N-Bromosuccinimide (Green and R oss, 1 9 6 8 ). 
The denatured  su b u n its  d is s o c ia t e  in to  monomers and the p r o te c te d  ones 
recombine to  form te tr a m e r ic  a v id in -b io t in  com plexes. T h is in d ic a te s  
th a t th e  b in d in g  s i t e  i s  a lm ost c e r t a in ly  s i tu a te d  w ith in  a subunit  
ra th er  th an  a t  an in t e r f a c e  betw een su b u n its . Green and Toms ( l9 7 3 )  
showed th a t  b io t in  cou ld  be bound to  monomers coupled  to  s Sepharose 
m atrix to  p reven t them from r e a s s o c ia t in g .  Form ation o f  a c t iv e  su bu n its  
was not dependent on in t e r a c t io n s  w ith  o th er  su b u n its  but in te r a c t io n  
was req u ired  fo r  f in n  b in d in g  o f  b io t in .
S tu d ie s  o f  f lu o r e s c e n c e  quenching (Green, 1964) have shown th a t  
binding to  a v id in  i s  a random p rocess  and th a t  th ere  i s  no d e te c ta b le  
in t e r a c t io n  between th e  s i t e s .  O p tica l r o ta t io n  and o p t ic a l  ro ta to ry  
d isp e r s io n  s tu d ie s  (G reen , 1962 ; Green and Melamed, 1966) in d ic a te  
that b in d in g  does n o t r e s u l t  in  any g ro ss  m orphological changes o f  
a v id in . T h is i s  supported by the o b serv a tio n s  (Green and Joynson,
1970) th a t  c r y s ta ls  o f  a v id in  and th e  a v id in -b io t in  complex are  
isom orphous.
Cro3s - l in k in g  o f  a v id in  m o lecu les  w ith  b isb io t in y ld ia m in e s
(Green _et a l . ,  1971) has been used to  determ ine th e  s p a t ia l  r e la t io n s h ip s
o f  th e  b in d in g  s i t e s  in  th e  su b u n its . The b in d in g  s i t e s  are  grouped
o o o
in  two p a ir s  a t  o p p o s ite  ends w ith  a dim ension o f  33^ x 33^ x 4 lA .
The e a r ly  methods o f  e s t im a tio n  o f  a v id in  were based on i t s  a b i l i t y  
to d ep rive  b io t in -r e q u ir in g  m icro-organism s such as y e a s t s  (H ertz, 1943)
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or L a c to b a c i l l i  spp. (W right and Skeggs, 1944 ; Landy e t  1942)
o f  b io t in .  A lthough extrem ely  s e n s i t iv e  th ese  methods were time 
consum ing. As th ere  i s  an ap p rec ia b le  s p e c tr a l  change (a new ab sorp tion  
band appearsE^ggZ 3 4 ,0 0 0 ) when the dye 4-hydroxybenzene - 2 -  carb oxy la te  
i s  bound to  a v id in  (G reen, 19&3), th e amount o f  a v id in  may be c a lc u la te d  
d ir e c t ly  from th e  absorbance a t 500 nm or by u s in g  the dye as an 
in d ic a to r  in  a sp ectrop h otom etric  d isp lacem en t from a v id in  w ith  fr e e  
or enzynme bound b io t in .  Use o f  ^ ^ C -b io tin  i s  used w id e ly  in  a ssay  
sy ste m s. ^ ^C -biotin  i s  added to  a v id in  and any fr e e  v itam in  separated  
by absorb ing th e  complex onto C M -cellu lose (G reen, 1963a), sephadex g e l  
(Wei and Wright, 1964) or p r e c ip ita t in g  i t  w ith  an tibody (O 'M alley and 
Korenman, 1967)* The unabsorbed ^ ^ C -b iotin  can then be determ ined. A 
d isad van tage o f  such methods i s  th a t o th er  b io t in -b in d in g  fa c to r s ,  or  
endogenous b io t in  p resen t in  the t i s s u e  sam ples, w i l l  compete w ith  
b io t in .  T his problem can be overcome by methods such as radioimmunoassay 
o f  a v id in  w ith (Kulomaa ^  1 9 7 8 ).
O voflavoprotein
O votransferrin  was reported to  con ta in  r ib o fla v in  by Bain and 
Deutsch ( 1948) ,  Mahler and Elowe ( l9 3 4 )  a lso  suggested th at r ib o fla v in  
was bound to  the iro n -o v o tra n sferr in  complex, Rhodes a t ( l 938 ;
1939) noted that r ib o f la v in  was the f la v in  m oiety in  a fla v o p ro te in  
is o la te d  from egg w h ite , one mole o f  r ib o fla v in  binds to  one mole o f  
apop rotein . As such i t  d i f f e r s  from most o f  the n atu rally  occurring  
flavop rote in s  which have FMN or FAD as th e ir  f la v in  moiety (W ellner,
1967) .  FtIN and FAD bind weakly and are d isp laced  by r ib o fla v in  (Rhodes 
^  a ^ ., 1939) .  F lavoproteins contain ing r ib o fla v in  in  the serum o f the 
hen (Winter ^  a l* ,  1967) and egg y o lk  (Ostrowski £ t  a J . ,  1962 ; 1968) 
are s e r io lo g ic a l ly  id e n t ic a l  (F a r r e ll ^  , 1 970) to  th a t present in
the w h ite .
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A ll  o f  th e  r ib o f la v in  p resen t in  th e  egg w h ite  i s  bound to  the 
a p o p r o te in . The a p o p ro te in  i s  s ta b le  to  h eat (lOO^C/l5 m in), but 
i s  denatured by p r o te o ly t ic  enzymes and 3M u rea . The f la v o p r o te in ,  
u n lik e  f r e e  r ib o f la v in ,  shows l i t t l e  f lu o r e sc e n c e  a t  500 nm.
The a p o p r o te in , a g ly c o p r o te in  w ith a m olecu lar  w eigh t o f  32 ,000  
(F a r r e l l  e t  19&9), has a la r g e  number o f  a sp a r ta te  and glutam ate
amino a c id  r e s id u e s  which endows th e  p r o te in  w ith a stron g  a n io n ic  
ch a ra cte r  a s  dem onstrated  by i t s  e le c tr o p h o r e t ic  m o b ility  and a b sorp tion  
onto D E A E -ce llu lo se . The p ro te in  i s  h ig h ly  c r o s s - l in k e d  by e ig h t  
d isu lp h id e  b r id g e s  ; th ere  are no f r e e  su lp h y d ry l groups and a l l  o f  the  
sulphur o ccu rs a s  m eth ion ine or c y s t in e  (F a r r e l l  ^  The
a p o p ro te in  c o n ta in s  14^ carbohydrate made up o f  mannose, g a la c to se  and 
glucosam ine ( F a r r e l l  e t  , 1 96$) . I t s  c o n ten t o f  phosphorus ( O .^ )  
can be removed by p o ta to  a c id  phosphatase (Rhodes _et a l . ,  19 3 9 )w ithout 
a f f e c t in g  th e  f la v in -b in d in g  c a p a c ity .
Guanine h yd ro ch lo r id e  (3^) cau ses  r e v e r s ib le  in a c t iv a t io n  o f  the  
p r o te in . The Ŝ qV* changes from 3*03 in  0 . 02M KaCl to  1 ,73  in  3M GuIICl 
su g g ested  frag m en ta tio n  in to  sep a ra te  p o ly p ep tid e  ch a in s  or u n fo ld in g  
o f  a s in g le  ch a in  to  a l e s s  sym m etrical m olecu le  (F a r r e l l  e t  1969) .
R eduction  fo llo w e d  by a lk y la t io n  in d ic a te d  th a t  th e  ap op rotein  c o n s is te d  
o f  two su b u n its  jo in e d  probably by two th io c o v a le n t  lin k a g e s  (C la g g e t t ,
I 9 7 l ) .  The la r g e r  u n it ,  which was i s o la t e d  by Cotner and C la g g ett ( l9 7 2 ) ,  
has a m olecu lar  w eig h t o f  24 ,000  g/m ole and c o n ta in s  f iv e  o f  th e  d ith io  
l in k a g e s .
Chemical m o d if ic a t io n  o f  s p e c i f i c  amino a c id  re s id u e s  have been  
used in  a ttem p ts to  id e n t i f y  th e  r e s id u e s  in v o lv e d  in  the b in d in g  s i t e .
The use o f  1 -to sy la m id o  - 2 -  p h en y le th y lch lo ro -k e to n e  (TPCK) and io d in e  
m o d if ic a tio n  o f  h i s t id in e  and ty r o s in e  re s id u e s  r e s p e c t iv e ly  d id  not  
a f f e c t  the b in d in g  c a p a c ity  o f  th e  a p o p ro te in . As o x id a tio n  caused a 
d ecreased  a b so rp tio n  a t  280 nm and an in c r e a se  a t  330 nm i t  would appear
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th a t  a tryptophan r e s id u e  i s  in v o lv e d  in  b in d in g . The p H -a o tiv ity  
curve ( F a r r e l l  e t  a l . .  1969) c lo s e ly  resem bles a t i t r a t i o n  curve fo r  
a ca rb o x y l group w ith  a pK  ̂ o f  approxim ately  3*8 th ereb y  su g g estin g  
th a t  a ca rb o x y la te  io n  i s  e s s e n t ia l  f o r  b in d in g  a l s o .
The b in d in g  o f  r ib o f la v in  to ap op ro te in  i s  n ot in f lu e n c e d  by 
pH ; a t  pH 4 .2 ,  the f la v o p r o te in  i s  d is s o c ia t e d  but recom bines above 
t h i s  v a lu e . M o d ific a tio n  o f  th e  is o a l lo x a z in e  r in g  o f  r ib o f la v in  a t  
th e  3 and 9 p o s it io n s  d ecre a se s  th e  b in d in g  to  th e  ap op rotein  (Rhodes 
e t  a l . . 1 9 3 9 ) . T his su g g e s ts  th a t r ib o f la v in  i s  e i th e r  bound by 
s e v e r a l  s i t e s  or  th a t  th e  e n t ir e  m o lecu le  f i t s  in to  a s p e c i f i c  
s tr u c tu r e  or c r e v ic e  on th e  p r o te in .
The co n ten t o f  r ib o f la v in  in  th e  egg w h ite  o f  dom estic hens 
r e f l e c t s  th a t  p resen t in  the d ie t  (Heiman, 1933 ; N orris and B auernfiend,
1 9 4 0 ) . The duck, goose  and A d e lie  penguin do n o t s e c r e te  r ib o f la v in  in  
the egg w h ite  r e g a r d le s s  o f  th e  presence o f  h igh  l e v e l s  o f  th e  v itam in  
in  th e  d ie t  (Rhodes e t  , 1939 ; Feeney _et 1 9 6 8 ) ,
C la g e tt  ( l 9 7 l )  su g g ested  th a t  th e  r ib o f la v in -b in d in g  p ro te in s  o f  
th e  albumen, y o lk  and serum were a l l  under th e c o n tr o l o f  a s in g le  
g en e . The b lood  f la v o p r o te in  i s  tr a n s fe r r e d  d ir e c t ly  to  th e  y o lk  but 
th a t  in  th e  albumen must a r i s e  from ^  novo sy n th e s is  in  th e  o v id u c t.  
A lthough the e f f e c t  o f  th e a l t e r e d  gene, "rd" i s  unknown, he proposed  
th a t "Rd" may ru n etio n  through the co n v ersio n  o f  a r ib o f la v in  b in d in g  
p r o te in  p recu rso r , pro-RBP, to  th e  a c t iv e  compound in  a s im ila r  way 
to  th a t  in  which p r o in s u lin  and prochym otrypsin are converted  to  
in s u l in  and chym otrypsin r e s p e c t iv e ly .
The a p o p ro te in  o f  egg w h ite  can be assayed  d ir e c t ly  by t i t r a t io n  
w ith  a standard  s o lu t io n  o f  r ib o f la v in  to  th e  f i r s t  v i s i b l e  flu o r e sc e n c e  
w ith  a U.V. l i g h t  as th e e x c i t in g  so u rce . F lu orescen ce  i s  quenched 
co m p le te ly  u n t i l  a s to ic h io m e tr ic  amount o f  r ib o f la v in  i s  added to  the  
a p o p r o te in . T h is ra p id  and in ex p en siv e  method g iv e s  a sharp end p o in t .
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The d eterm in a tio n  o f  unbound r ib o f la v in  a f t e r  th e  a d d it io n  o f  
r ib o f la v in  to  ap op ro te in  p ro v id es  an in d ir e c t  method o f  a s sa y . The 
amount o f  a p o p ro te in  can be c a lc u la te d  from th e  bound r ib o f la v in .
Free r ib o f la v in  can be determ ined sp ec tr o p h o to m e tr ic a lly  a t  450 nm 
or m ic r o b io lo g ic a l^ / u s in g  a r ib o f la v in -r e q u ir in g  organism  such as  
L a c to b a c illu s  c a s e i  ( S n e l l  and S tron g , 1939 > S i lb e r  and M ushett,
1 9 4 2 ) .
A lthough th e  in h ib i t io n  o f  th e  growth o f  S trep to co ccu s  pyogenes 
and L. c a s e i  has been dem onstrated ^  v it r o  when 10 m oles o f  ap op rotein  
was p resen t fo r  every  mole o f  r ib o f la v in  (Rhodes e t  1 9 5 9 ), th e
h a lf  s a tu r a t io n  o f  th e  a p o p ro te in  in  th e  h e n 's  egg w hite  would in  th eory  
endow t h i s  p r o te in  w ith  o n ly  a minor r o le  in  th e  eggs a n tim ic r o b ia l 
d efen ce  (B aker, 1 9 6 8 ) . In  p r a c t ic e  however m icro-organism s in  egg w hite  
may n ot be a b le  to  o b ta in  s u f f i c i e n t  v itam in  in  th e  p resen ce o f  o th er  
d e f ic i e n c ie s  such a s  ir o n , a v id in , sim ple m o lecu les o f  n itro g en  and a t  
a h igh  pH,
P r o te o ly t ic  enzyme in h ib ito r s  
Ovomucoid
Ovomucoid was shown by Lineweaver and Murray ( l 947) to  be th e  
p r o t e o ly t ic  enzyme in h ib it o r  ( B a l l s  and Swenson, 1934 ; Meyer e t  a l . .
1936) o f  ch ick en  egg w h ite . The heterogeneous nature o f  ovomucoid 
was dem onstrated by a ttem p ts  to  i s o l a t e  pure m a te r ia l (A ppendix). With 
some o f  th e  i n i t i a l  p rep a ra tio n s  th e  h e te r o g e n e ity  was due to  
con tam in ation  w ith  o v o in h ib ito r  and lysozym e (Matsuhima, 1958 ; Feeney  
e t  a l . . 1967 ) •  Even when th e s e  were removed, d if f e r e n c e s  in  s i a l i c  
a c id  (R hodes jet a d . ,  i9 6 0  ; Feeney e t  a l . . 1967) carbohydrate co n ten t  
(F eeney _et 1967) and minor v a r ia t io n s  in  amino a c id  com p osition  o f
ovomucoid were dem onstrated (Feeney ^  ^ . ,  1967) .
Ovomucoid, a g ly c o p r o te in  (M.W. 2 8 ,0 0 0 ) ,  a ccou n ts  fo r  11^ o f  th e  
t o t a l  p r o te in  co n ten t in  ch ick en  egg w h ite . The amino a c id  com p osition
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o f  s e v e r a l a v ia n  ovomucoids (Osuga and F eeney, 1968 ; Osuga ^  a l . .
1974) resem ble th o se  o f  o th e r  p r o te o ly t ic  enzyme in h ib it o r s  in  th a t  
th ere  i s  no tryp top han , l i t t l e  or  no m eth ion in e b u t la r g e  amounts o f  
c y s t in e .  The amount (up to  25^ w/w) o f  carbohydrate in  ovomucoid 
co n ta in s  : 1 -  \  D -g a la c to se  ; 4 .3  -  4 .7 ^  D-mannose ; 1 2 .5  -  15.49&
2-amino -  2 -  deoxy -  D -  g lu c o se  ; 0 .4  -  4 .0 ^  s i a l i c  a c id  and 6  -  9^ 
t o t a l  h e x o se . The carbohydrate m oiety , which c o n s is t s  o f  th r e e  
o lig o sa c c h a r id e s ,  i s  a tta ch ed  to  the p r o te in  v ia  a N -(^  a s p a r ty l  N -  
a cety lg lu co sa m ir \y l)  amino l in k  between glucosam ine and asp arag in e  
(Monsigny e t  a l . . 1 9 6 8 ) . The carbohydrates r o le  has n ot been e s ta b lis h e d  ; 
tjie rem oval o f  th e  s i a l i c  a c id  by neuram inidase does not a f f e c t  i t s  
in h ib i t o iy  a c t i v i t y  (Feeney ^  i9 6 0 ) .
There are  th r e e  d i f f e r e n t  typ es o f  ovomucoid in  a v ia n  albumen 
(Rhodes £ t  i9 6 0  ; Nakamura ^  1966) : one in h ib i t s  tr y p s in
on ly  or p r im a r ily  ; a n o th er  in h ib i t s  chymo tr y p s in  o n ly  or p r im a r ily  and 
a th ir d  in h ib i t s  both  ( F i g .6 ) .  The l a s t  ca teg o ry  may be su bd iv id ed  
fu r th e r  ; th o se  th a t  in h ib i t  equim olar amounts o f  tr y p s in  and 
chym otrypsin and th o se  th a t  in h ib i t  two m oles o f  t iy p s in  to  one m ole o f  
chyraotiypsin . A lth o u ^  th e b in d in g  s i t e s  fo r  tr y p s in  and chym otrypsin  
d if f e r  (Rhodes ^  ^ . ,  1960) th ey  may or may n o t o verlap  such th a t th e  
binding o f  one enzyme may in f lu e n c e  th e  b in d in g  o f  th e  o th e r . Chicken 
ovomucoid shows a marked s p e c i f i c i t y  ; i t  in h ib i t s  bovine (Feeney _et a l . .
1963) and p o rc in e  (V ith a y a th i l  e t  ^ . ,  1 961 ) bu t not human tr y p s in  
(Feeney 1 9 6 9 ).
I n h ib i t io n  in v o lv e s  a h i ^ l y  a s s o c ia te d  en zym e-su b strate ( in h ib ito r )  
complex in  which su b s tr a te  r e c o g n it io n  o f  a s p e c i f i c  amino a c id  i s  
con sid ered  to  be th e  i n i t i a l  e v e n t . There are two ty p e s  o f  tr y p s in  
in h ib ito r ,  th o se  th a t  lo s e  t h e i r  in h ib ito r y  a c t i v i t y  upon m o d if ic a tio n  
o f  ( 1 ) t h e ir  ly s in e  or (2 )  t h e ir  a rg in in e  r e s id u e s  (T ab le  6 ) .  Thus 
S tevens and Feeney ( l 963) showed th a t a c é ty la t io n  or carbam ylation  o f
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the ly s in e  r e s id u e s  o f  tu rk ey  ovomucoid d estroyed  i t s  in a c t iv a t io n  o f  
t iy p s in  but n o t o f  ch ym otiyp sin . This procedure had no e f f e c t  on 
ch icken  o r  g o ld en  pheasant ovomucoids a c t i v i t y  a g a in s t  tr y p s in  or  
chym otrypsin  r e s p e c t iv e ly .  I t  d id  however d estro y  th e  p h ea sa n t's  
very  weak a c t i v i t y  tow ards tr y p s in .  A rg in in e m o d if ic a tio n  w ith  1 , 2 -  
cy c lo h ex a d io n e  (L iu  e t  ^ . ,  1368) le d  to  th e  l o s s  o f  a c t i v i t y  o f  
ch icken  ovom ucoid. Removal o f  th e se  s u b s t r a t e - l ik e  r e s id u e s  by 
treatm ent w ith  carb oxyp ep tid ase  B (Ozawa and Laskowski, 1966) e lim in a ted  
a c t i v i t y  c o m p le te ly . S u b s tr a te - l ik e  r e s id u e s  n ecessa ry  fo r  the  
in h ib i t io n  o f  enzymes o th e r  than tr y p s in  fo r  example chym otrypsin, 
have been d i f f i c u l t  to  id e n t i f y  because th e  r e s id u e s  in v o lv ed  are  
fr e q u e n tly  e i th e r  u n r e a c tiv e  or m o d if ic a tio n  d id  n o t e lim in a te  t h e ir  
s u b s t r a t e - l ik e  c h a r a c te r .
D is s o c ia t io n  c o n s ta n ts  fo r  th ese  en zyrae-in h ib itor  com plexes are  
fr e q u e n t ly  l e s s  than 10 and may be a s  low as  lO” "^(Vincent and 
Lazdunski, 1 9 7 2 ) . T h is  rem arkable s t a b i l i t y  le d  s e v e r a l  workers to  
su g g est th a t  a c o v a le n t  bond, formed by a c y la t io n  o f  the enzym e's 
s e r in e  by th e  a r g in ÿ l ca rb o x y l group o f  th e  in h ib i t o r s ,  was the d r iv in g  
fo r c e  and a p o s s ib le  c a t a ly t i c  in term ed ia te  in  the in h ib i t io n  (Laskowski 
and S e a lo c k , 1 971) •  These su g g e st io n s  have been  q u estion ed  by o th ers  
because d ir e c t  co n firm a tio n  o f  t h i s  a c y l lin k a g e  has not been p o s s ib le  
and a ls o  b ecau se  in a c t iv e  d e r iv a t iv e s  o f  t r y p s in  and chym otrypsin form 
stron g  s p e c i f i c  com plexes w ith  se v e r a l o f  th e  ovomucoids (Ryan and 
Feeney, 1 9 7 5 )•  These o b se r v a tio n s  in d ic a te  th a t  th e  main s tren g th  o f  
in t e r a c t io n  i s  due to  many weak n on -co v a len t in t e r a c t io n s  such as  
hydrogen bonding and Van der Waals fo r c e s  (F eeney , I 9 7 l)*  These 
in t e r a c t io n s  are s t a b i l i z e d  by a c l o s e ,  complementary f i t  corresponding  
to  a good en zym e-su b stra te  com plex. Some co v a len t bonding may be 
in v o lv e d  b u t, co n tra ry  to  e a r l i e r  p ro p o sa ls , i t  i s  unnecessary  fo r  th e  
form ation  o f ,  and does n o t add t o ,  th e  s t a b i l i t y  o f  th e se  com plexes
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(Means ^  1 9 7 4 ).
Ovomucoid shows unusual heat s t a b i l i t y  and r e s is ta n c e  to high  
c o n cen tra tio n s  o f  urea in  n eu tra l or a c id  c o n d it io n s  ; more than 3Qffo 
o f  i t s  a c t i v i t y  remained a f t e r  30 min a t  80°C in  urea between pH
3-9  but o n ly  6^ remained a t  pH 9 (S tev en s and F eeney, 1 963) .  Turkey 
and pheasant ovomucoids are even more s ta b le  to  h e a t .
O v o in h ib ito rs
O v o in h ib ito r , the o th er  main p ro tease  in h ib ito r  in  hen egg w h ite , 
was i s o la t e d  by Matsushima ( l9 5 8 )  who found i t  in h ib ite d  bovine tr y p s in  
and p r o te a se s  from B. s u b t i l i s  and A sp e r g illu s  spp . The s im ila r it y  in  
s tr u c tu r e  o f  chym otrypsin to  th e b a c te r ia l  p ro tea se  s u b t i l i s i n ,  promoted 
s tu d ie s  o f  the e f f e c t  o f  t h is  in h ib ito r  on chym otrypsin (Rhodes _et a l . . 
i 960) .  T h is le d  to th e  o b serv a tio n  (Feeney e t  ^ . ,  1963) th a t th e weak 
in h ib ito r y  a c t i v i t y  a g a in s t  chym otiypsin  reported  fo r  ch icken  ovomucoid 
was due to  the p resence o f  o v o in h ib ito r  as a contam inant. D e ta i ls  o f  
the s e p a r a tio n  o f  o v o in h ib ito r  from ovomucoid are g iv en  in  th e Appendix,
Like ovom ucoid, o v o in h ib ito r  e x h ib it s  h e te r o g e n e ity  due p rim arily  
to  th e  charge on the m olecu le  which i s  r e f le c t e d  during p u r if ic a t io n  
w ith s ta r c h -g e l  e le c tr o p h o r e s is  or D E A E -cellu lose chromatography 
(Tomimatsu ^  ^ . ,  1966 ; D avis ^  , 1969) .  The v a r io u s  forms are
s im ila r  in  t h e i r  amino a c id  com position  and a n t ip r o t e o ly t ic  a c t i v i t y .
Chicken o v o in h ib ito r , a g ly c o p r o te in  w ith a m olecu lar w eight o f  
about 4 6 ,5 0 0  (Tomimatsu ^  , 1 9 6 6 ), com prises about 0 .1 ^  o f the
t o t a l  p r o te in  in  egg id i i t e .  I t s  amino a c id  com p osition  resem bles th a t  
o f  ovomucoid (D av is a t  ^ . ,  1969) and i t s  tryptophan r e s id u e s  are <  1 . 
There are 34 h a l f  c y s t in e  r e s id u e s  and low amounts o f  m eth ion in e . The 
con ten t carbohydrate, as y e t  u n ch ara cter ized , i s  sm a lle r  than in  
ovomucoid.
Chicken o v o in h ib ito r  i s  con sid ered  to be a "double-headed"
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in h ib i t o r  ; one mole o f  in h ib ito r  combines sim u lta n eo u sly  with two 
m o lecu les  o f  tr y p s in  and two o f  chym otrypsin (Tomimatsu ^  , 1 9 6 6 ).
The ab sen ce o f  co m p etitio n  between th e se  two i s  ev idence th a t  separate  
s i t e s  are  in v o lv e d . C om petition  i s  e v id e n t  however when o v o in h ib ito r  
i s  in cu b ated  w ith  chym otrypsin and s u b t i l i s i n  su g g e stin g  th a t  th e  two 
enzymes compete fo r  the same or c lo s e ly  r e la te d  s i t e s  (Tomimatsu e t  a l , . 
1966) .  O v o in h ib ito r  r e a c ts  w ith  tr y p s in s  and chym otrypsins o f  bovine  
(Rhodes _et a l , ,  1960) a v ia n  (Ryan e t  a l . . 1965) but not human o r ig in  
(Feeney ^  ^ . ,  1 9 6 9 ) . I t  d i f f e r s  from most ovomucoids in  th a t a rg in in e  
i s  the e s s e n t ia l  s u b s t r a t e - l ik e  res id u e  fo r  b in d in g  tr y p s in  (L iu  e t  a l . . 
1 9 7 1 ).
O voinhibitor shows app reciab le s t a b i l i t y  in  acid  so lu tio n  ; 93 -  33% 
o f i t s  a c t iv i t y  i s  reta in ed  during 15 min a t  90°C, pH 3 -  5 , or for  24h 
at 40°C, pH 2 -  3 , or 3h a t 40°C, pH 1 . In 0,01 N NaOH, the a c t iv i ty  
i s  s ta b le  a t 23°C for 24h but i s  lo s t  in  3h a t k-O^C in  0.1 N KaOH 
and in  15 min at 90°C, pH 7 -  9 (Matsushima, 19 5 8 ) .
F ic in -p a p a in  in h ib i t o r
A t h ir d  p ro tea s e - in h ib i t o r  was i s o la t e d  from ch icken  egg vdiite 
by Fossum and W hitaker ( l  9 6 8 ) . I t  in h ib i t s  f i c i n  and papain but not 
tr y p s in , chym otrypsin o r  p r o te o ly t ic  enzymes from Pseudomonas a eru g in o sa . 
P roteus v u lg a r is . B, cereu s and B. s u b t i l i s . T his in h ib it o r  can be 
d if f e r e n t ia t e d  from ovomucoid and o v o in h ib ito r  by C M -cellu lose  
chromatography, la c k  o f  carbohydrate and m olecu lar w eight ( l e s s  than one 
h a lf  th a t  o f  ovom ucoid). I t  i s  ex trem ely  h ea t r e s is t a n t  ; on ly  10^ o f  
i t s  a c t i v i t y  i s  l o s t  a f t e r  b o i l in g  fo r  3O min a t  pH 4 , however a t  pH 9 
on ly  40^ o f  th e o r ig in a l  a c t i v i t y  rem ains. I t  r e a c ts  to  form a 1 :1  
complex w ith  f i c i n  o r  papain ; th ere  i s  co m p etitio n  between the two 
enzymes probably because o f  common b in d in g  s i t e s .
As p r o te o ly t ic  enzymes have not been recovered  from egg w h ite , the
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b io lo g ic a l  r o le  o f  the in h ib ito r s  cannot be d efin ed  and th ere  i s  no 
d ir e c t  ev idence to  support th e assum ption (Ayres and T ay lor , 195&) 
th a t they have a r o le  in  th e  a n t im ic r o b ia l d efen ce . I t  has been 
su ggested  (Board and F u lle r ,  1974) th a t th e se  p ro te in s  may in h ib it  
p ro tea ses  r e lea sed  by spermatazoa th a t did not take part in  f e r t i l i z a t i o n .
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TABLE 4
SOME HtüPERTIES OF THE MAIN PROTEINS OF 
HEN ALBUMEN
P ro te in Amount in  
Albumen { % )
MW p i C h a ra c te r is t ic s
1 Ovalbumin 34 46,000 4 .5 P hosphog lycopro te in
2 O v o tra n s fe r r in 12 80,000 6.05 C h e la tio n  o f  m e ta l 
ions p a r t i c u l a r l y  iro n
3 Ovomucoid 11 28,000 4.1 I n h ib i t io n  o f  T ry p sin
4 Lysozyme 3 .4 14,600 10.7 H ydro lysis  o f  j3 ( l - 4 )  
g ly c o s id le  bond in  
p ep tid o g ly can s
E le c t r o s ta t i c  in te r a c t io n  
w ith  ovomucin
5 Ovomucin 3.5 ND 4 .5 -4 .7 See 4  above
6 O v o in h ib ito r 1 .5 4 4 ,000— 
49,000
5.1 I n h ib i t io n  o f  s e v e ra l  
p ro te a se s
7 Ovoraacroglobulin 0 .5 760 ,000-
900,000
4 .5 —
8 O voglycopro te in 1 .0 24,400 3 .9 —
9 O v o flavop ro te in 0 .8 32,000 4 .0 C h e la tio n  o f  r ib o f l a v in
10 A vidin 0 .05 70,000 9 .5 C h e la tio n  o f  b io t in
ND Value n o t d e ten a in ed  o r  re p o r te d
TABLE 5
SOME OP THE MORE IMPORTANT INTERACTIONS BETWEEN LYSOZYME AND
ITS SU BSTRATE
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Amino a c id  
resid u e
Type o f  
bond
In te r a c t io n
ASP 101 H Bond A Ring amide NH
ASP 101 H Bond B Ring C6
TRP 62 H Bond C Ring Ĉ OH
TRP 62 v .d .  V/aal B Ring
TRP 63 H Bond C Ring Ĉ OH
ASN 59 Main Chain 
H Bond
C Ring amide C“0
ALA 107 Main Chain 
H Bond
C Ring amide N-H
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TABLE 6
COMBINING SITE AlvlINO ACIDS OF AVIAN TRYPSIN INHIBITORS
In h ib ito r E s se n tia l amino a c id
Chicken o v o in h ib ito r A rginine
Chicken ovomucoid A rginine





Quail o v o in h ib ito r A rginine
Quail ovomucoid Lysine
TABLE 7
GENERAL SIGNIFICANCE OF IRON IN BIOLOGY
Og storage by m yoglobin.
Og tran sport by haem oglobin.
E lectron  tran sport by cytochrom es.
Ng red u ction  by ferred o x in  and n itro g en a se .
f ix a t io n  by p lan t ro o t n od u les.
Oxygenation and h yd roxy la tion .
S y n th esis  o f  DIU.
C ertain f la v o p r o te in s , e .g .  su c c in ic  dehydrogenase. 
HgOg decom position  by c a ta la se  and p erox id ase . 
Superoxide decom position  by superoxide d ism utase.
LYSOZYME
5 5
NHCOCH3 CH2OH NHCOCH3 ÇH2OH







F ie .  1 • Schematic diagram o f  a b a c t e r i a l  c e l l  w a ll  t e t r a s a c c h a r id e ,  
showing th e  1 -4-) l inkage  t h a t  i s  a t ta c k e d  by lysozyme. The KAG—liAîl 
bonds a r e  n o t  a t ta c k e d  by lysozyme.
— G G —
— G G —
G—— G
F ig , 2 , Schematic diagram o f  th e  b a s ic  s t r u c tu r e  o f  b a c t e r i a l  c e l l  
w all p e p t id o g ly c a n .
G- = N -ace ty lg lucosam ine  ; M = N-acetylmuramic a c id  ; A = L -a lan ine  ;
O = D -isog lu ta ra ine  ; □ = L -ly s in e  ; V = D -alan ine  ; #  = g ly c in e .
The p e n ta g ly c in e  b r id g e s  on th e  l e f t  a re  i n  amide l inkage  to  ly s in e  b u t 
have n o t y e t  been  connected to  th e  carboxyl o f  D -a la n in e .  The completed 
p en tag ly c in e  b r id g e s  a re  a l l  shown connec ting  p a r a l l e l  po ly sacch ar id e  
chains i n  th e  p lane  o f  th e  p a p e r .  However, they  can extend to  e q u iv a len t  
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F ig ,  3- Schem atic r e p r e se n ta t io n  o f  b a c te r ia l  c e l l  w a ll  s tr u c tu r e .
A. G ram -positive bacterium  in  which th e tr ila m in a r  cytop lasm ic
o
membrane (CM) i s  covered  by a th ic k  (200-800A ) la y e r  o f  p e p tid ­
o g ly ca n . In  some s p e c ie s ,  t e ic h o ic  a c id s  may be c o v a le n t ly  a tta ch ed  
onto the o u te r  su r fa c e .
B, G ram -negative bacterium  w ith  complex t r i p l e  la y ered  c e l l  w a ll .  
The tr ila m in a r  cy top lasm ic  or in n er  membrane (IM) i s  covered  by
a th in  ( 2O-3OA) la y e r  o f  p ep tid o g ly ca n  and a tr ila m in a r  o u ter  
membrane (OM), which i s  a tta ch ed  to  the p ep tid o g ly ca n  by a 
con tin u ou s la y e r  o f  l ip o p r o te in  embedded in  th e former and 
c o v a le n t ly  a tta c h e d  to  th e  l a t t e r .  The o u te r  membrane a ls o  co n ta in s  
l ip o p o ly sa c c h a r id e  which i s  a c c e s s ib le  to  a n t ib o d ie s .
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F ig , 5» Schematic diagram o f  a h y p o th e tic a l model fo r  the b in d in g  o f  
F e ( l l l )  and carbonate to  tr a n s fe r r in  (from Schlabach & B ates, 1975) • 
L = proxim al ligan d  co -o rd in a ted  to  Fe^*; R = la r g e  component th a t  
p r o je c ts  from the su rface o f  the m olecule ; X = p ro te in  component 
p o ssess in g  a p o s it iv e  charge which makes the carboxy carbon atom 




\ V  C h y m o try p s in
D
Inhibitor
S ingle-  
headed  
inhibitors
D o u b le -
headed
inhibitors
A e.g. Chicken ovomucoid 
B e.g. Golden P h easan t  ovomucoid
C e.g. Turkey ovomucoid  
1  D e.g. Duck ovomucoid
F ig . 6 . Schematic diagram o f the com plexes formed between p r o te o ly t ic  
enzymes and avian egg w hite in h ib ito r s .
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IRON TRANSPORT a I® MNTABOLISi.'
IN MICRO-ORGANISMS
Physico -chem ica l a s p e c ts  o f  i r o n
The co n tr ib u tio n  o f  iro n  to  a wide range o f  b ioch em ica l r e a c tio n s  
(T able 7) le d  N eilan d s ( l9 7 2 )  to  su g g est  th a t " l i f e  in  any form w ithout 
iro n  i s  in  a l l  l ik e l ih o o d  im p o ss ib le " . The im portance o f  ir o n  as a
b io in o rg a n ic  c a t a ly s t  i s  r e la te d  to  i t s  a b i l i t y  to  e x i s t  in  two s ta b le
2  ̂ . . .  . . .  
o x id a t io n  s t a t e s  Fe and Fe . In  most b io lo g ic a l  f lu id s  a t  or near
pH7 and atm ospheric o^grgen te n s io n , Fe^* w i l l  be o x id is e d  to  Fe^*
» îQ
which i s  hydrolysed  r e a d ily  to form in s o lu b le  (K^p < 10  m o l/l)  h igh  
m olecu lar w eight polymers o f  Fe ( i l l )  oxyhydroxide ( Sp iro and Saltm an,
1969) .  The in s o lu b i l i t y  o f  th e se  polymers has presumably been an 
im portant fa c to r  in  s e le c t in g  fo r  organism s th a t can sy n th e s iz e  
compounds which can scavenge and tra n sp o rt Fe^* v iz  : th e  sid erop h ores  
o f  m icro-organism s (T able 8) and the t r a n s fe r r in s  and f e r r i t i n s  o f  the 
v e r te b r a te s .
M icro b ia l  i r o n  t r a n s p o r t
The p rocess o f  ir o n  a ss im u la tio n  has been stu d ied  la r g e ly  in  the  
e n te r ic  b a c te r ia  because o f  the ex ten t o f  in form ation  on t h e ir  g e n e t ic s .  
They p o s se s s  two d is t in c t  ir o n  tra n sp o rt system s (a ) a h igh  a f f in i t y  
system  c o n s is t in g  o f  low m olecu lar w eigh t compounds, s id erop h ores , and 
cognate membrane recep to rs  and (b) a poorly  understood , low a f f i n i t y  
system  which fu n c tio n s  in  media co n ta in in g  a s u f f i c i e n t l y  h igh  
co n cen tra tio n  o f  r e a d ily  a v a ila b le  Fe^* but no c h e la te  such as N.T.A. 
Indeed N.T.A. su p p resses the second system  (F ro st and Rosenberg, 1 9 7 5 ).
Siderophores
Two c la s s e s  o f  sid erop h ores (M. wt 500 -  1000 D alton s) occur : 
the p h en o la tes  ( c a te c h o ls )  and th e  hydroxam ates. Although they occur
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in  b a c te r ia  and fu n g i,  th e  hydroxamates tend  to  be common in  th e  
l a t t e r  and th e  c a te c h o ls  in  th e  form er. The m a jo r ity  o f  th e  s id erop h ores  
p rovid e s ix  oxygen atoms f o r  engagement w ith  th e  o c ta h e d r a lly  d ir e c te d  
bonds o f  the f e r r i c  io n  but o th e r s ,  such a s  the m ycobactins (oxygen  and 
n itr o g e n )  pyrim ine ( a l l  n itr o g e n ) and th io fo rm in  (oxygen and sulphur) 
may p o s se s s  o th e r  e le c tr o n e g a t iv e  donor atoms^ As oxygen atoms are  
lo c a te d  m ain ly  in  the c o -o r d in a t io n  sphere, th e  s p e c i f i c i t y  f o r  Fe^* 
i s  h igh  ( s t a b i l i t y  complex 10^^ m o ]/l or h ig h er ) and Fe^* low .
C atech o ls
The p ro to ty p e  o f  th e  c a te c h o l s id ero p h o res, a c y c l ic  t r i e s t e r ,  
e n te r o b a c tin  (P o lla c k  and N e ila n d s , 1970) o r  e n te r o c h e lin  (Cox e t  a l . .
1970), occu rs throughout most members o f  th e  E n tero b a c ter ia cea e . 
E n terob actin  ( F i g .7) occu rs w ith i t s  h y d r o ly s is  products, homologues 
which can tr a n sp o r t ir o n , a l b e i t  l e s s  e f f i c i e n t l y  than th e  c y c l ic  form 
(O 'B rien  e t  a l . ,  1 9 7 1 )• Each en te r o b a c tin  m olecule b inds one atom o f  
iro n  so s tr o n g ly  th a t Fe^^ i s  d i f f i c u l t  to  reduce (O 'B rien  e t  ^ . ,  197l ) • 
E n tero b a ctin  s y n th e s is  ( F i g .8 ) b eg in s a t  ch orism ate, th e  major branch 
compound in  arom atic amino a c id  b io s y n th e s is  ; 2 , 3“^ihydroxybenzoic  
a c id  b u t n o t 2 , 3~ d ih yd ro :^ b en zoy lser in e  i s  a key in term ed ia te  
(R osenberg and Young, 1 9 7 4 ) . At l e a s t  seven  gen es o f  E. c o l i  ( e n t  A -  
en t &) which map a t  approxim ately  13 min on th e  chromosome, are in v o lv e d  
( F i g .6 ) in  th e  b io s y n th e s is  from chorism ate and s e r in e  (Luke and Gibson, 
1971 ; Woodrow ^  ^ . ,  19 7 5 ) . Three o f  th e  gen es en t A, B and G are  
part o f  th e  same operon (Woodrow ^  &!•> 1 975) « Indeed fu tu r e  work may 
show th a t  th e  e n t ir e  en t c lu s t e r  c o n s t i t u t e s  a s in g le  t r a n s c r ip t io n a l  
u n it .  The b io s y n th e s is  o f  e n te r o b a c tin  i s  s tr o n g ly  rep ressed  by ir o n  
(B rot and Goodwin, 1968 ; Young and Gibson, 19&9 ; B iyce and B rot, l 9 7 l ) .
Hydroxamates
The ferr ich ro m e fa m ily  i s  t y p ic a l  o f  t h i s  c la s s  o f  cy c lo h ex a p ep tid e
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s id ero p h o res in  which the i s  complexed by a tr ip e p t id e  o f
a c y la te d  6  -  N -  h yd roxyorn ith in e and a second tr ip e p t id e  o f  sim ple  
amino a c id s  v i z ,  t r ig ly c in e  in  th e  ca se  o f  ferr ich ro m e. .Vith o th er  
members o f  the fa m ily  s u b s t itu t io n s  may occur in  th e  cycloh exap ep tid e  
rin g  or in  th e  a c y l group o f  th e  hydroxamate lin k a g e  ( F ig ,9 ) .  I t  
appears th a t  g ly c in e  i s  an e s s e n t ia l  r e s id u e . The ferr ich rom es occur  
in  v a r io u s  members o f  ascom ycetes, b a sid iom ycetes and th e fu n g i 
im p e r fe c t i  (N e ila n d s , 1 9 7 2 ). A lthough b a c ter ia  do sy n th e s iz e  o th er  
hydroxam ate-conta in ing  s id erop h ores e .g .  pyoverdine in  P s . 
f lu o r e s c e n s  (Meyer and H ornsperger, 1 9 7 8 ), h exap ep tid es o f  the  
ferr ich rom e type have n ot been i s o la t e d  from prokaryotes in  g en era l.
Apart from l ip id - s o lu b le  m ycobactin , most siderophores are so lu b le  
in  p o la r  o rgan ic  s o lv e n ts  and w a ter . The y ie ld  o f  s id ero p h o res , which 
may range from 1O g /l a s in  R h od otoru lic  a c id  produced from R hodetorula  
spp. down to  a few m g/l as in  most b a c te r ia , may be a f fe c te d  markedly 
by in o rg a n ic  and organ ic  c o n s t itu e n ts  o f  the growth m edia. A 
c o n c e n tr a tio n  o f  10 ^g atoms per l i t r e  o f  iro n  r e p r e sse s  siderophore  
p rod u ction .
I s o la t io n  o f  th e  s id erop h ores in v o lv e s  the co n cen tra tio n  o f  growth 
medium from which th e  c e l l s  have been removed, e x tr a c tio n  in to  an 
organic s o lv e n t  and p r e c ip ita t io n  from a m ixture o f  an a lc o h o l and 
water (P o lla c k  and N eila n d s , 1970 ; O 'Brien e t  a l . .  1971 ; N eilan d s,
1976 ; Young, 1 9 7 6 ) . As th e ir o n  com plexes o f  th e  sid erop h ores carry  
zero ( fe r r ic h r o m e ) , p o s i t iv e  (Ferrioxam ine B) or n eg a tiv e  (en te r o b a c tin )  
ch arges, p u r i f ic a t io n  can be a ch iev ed  by chromatography on ion -exchange  
r e s in s .  Chromatography o f  th e  com plexes i s  made e a s ie r  by t h e ir  
c h a r a c t e r is t ic  a b so rp tio n  p a tte r n s . F erric-hydroxam ates absorb in  the  
reg io n  420 -  440 nm, f e r r ic  c a te c h o ls ,  fo r  example F e -e n te ro b a c tin , 
absorb m axim ally a t  595
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The membrane system
In  o rd e r  to  c o -o rd in a te  a l l  s ix  o c ta h e d r a l ly - d i r e c te d  v a le n c ie s  
o f  Pe^^, th e  s id e ro p h o re s  must have a s iz e  o f  not l e s s  than  600 
d a l to n s .  This mass p rev en ts  d i f f u s io n  a long  w a t e r - f i l l e d  pores in  
the  o u te r  membranes o f  e n t e r i c  b a c t e r i a .  Thus, s p e c i f ic  t r a n s p o r t  
r e c e p to r s  a re  n e ce ssa ry .  Three systems f o r  i r o n  t r a n s p o r t  a re  known :
(a ) the e n tero b a c tin  system  (Braun e t  a l . ,  197^) ; (b) th e  ferrichrom e  
system  (Leong and N eila n d s , 1976 ; Braun e t  a l , , 1976) and (c )  the  
c i t r a t e  system  (F r o s t  and R osenberg, 1 9 7 3 ). The f i r s t  two occur in  
both S , typhimurium and E, c o l i  but the l a s t  one occurs on ly  in  the  
l a s t  named organism .
The h igh  a f f i n i t y  iro n -u p ta k e  system fo r  E, c o l i  i s  d ep ic ted  in  
F ig .10 , C om petition experim ents and mutant s tu d ie s  have shown th a t  
ferrichrom e sh a res  a rec ep to r  w ith  phages , ()80 and T  ̂ and c o l i c in  
M (F red ericq  and Smarda, 1970 ; D avies and R eeves, 1975 > Wayne and 
E eila n d s, 1975 î Hantke and Braun, 1975&), and th a t  en tero b a c tin  and 
c o l i c in  B share a common r e c e p to r  (G-uterman, 1973 i P ugsley  and R eeves, 
1976a ) .  P olyacrylam ide g e l s  have been used to  id e n t i f y  th e se  o u ter  
membrane rec ep to r  p r o te in s  w ith  th e  products o f  th e  genes ton  A and 
feu  B r e s p e c t iv e ly  (Braun ^  , 1976 ; Hancock ^  , 1 9 7 6 ). A
th ir d  p r o te in , coded f o r  by th e gene "c i t " (Hancock e t  a l . .  1 9 7 6 ), 
has been id e n t i f i e d  as the rec ep to r  fo r  th e F e -c it r a te  com plex. These 
p r o te in s , which are over produced in  response to  low co n cen tra tio n s  o f  
iron  (P u g sley  and R eeves, 1976b ; Hancock a t 1976 ; H o l l in f ie ld
and N eilan d s, 1978) m igrate in  the 75 -  85 K reg io n  o f  SDS-polyacrylam ide  
g e l s .  A lthough s p e c i f i c  rec ep to rs  have been id e n t i f i e d  l i t t l e  i s  known 
about subsequent tr a n sp o r t.
A number o f  m utants o f  E. c o l i  ( fe p  ) (Cox e t  1970 ; Langman
e t  a l , , 1972) a re  unable to  tra n sp o r t F e-e n te ro b a ctin  a cro ss  th e  o u ter  
( fep  a) and the cy top lasm ic  membrane ( fep  B) .  I t  i s  now b e lie v e d  th a t
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f e p  ,1 s t r a i r jD  a r e  i d e n t i c a l  t o  t , . i  fc-u E s t r a i n s  d e s c r i b e d  above .
The t e n  B f u n c t io n  i s  an e s s e n t i a l  fe a t i r s e  o f a l l  t h r e e  h igh  
a f f i n i t y  i ro n -u p ta k e  system s. A m u ta t io n  i n  t h i s  gene n o t only  b locks  
the  th r e e  t r a n s p o r t  systems (h an tk e  ana Braun, 1575b) b u t  a lso  
a b s o r p t io n  o f ,  and DhA i n j e c t i o n  from phages and (J' 80 (Hancock and 
Braun, l57o) and k i l l i n g  of the  c e l l s  by c c l i c i n s  B ,I,V  ai.d H and the  
a n t i b i o t i c  albom ycin , a s t r u c t u r a l  analogue o f  fe r r ich ro m e  (D avies and 
Reeves, 1975 ; '"'ayne and H e ilan d s ,  1 975 ) han tke  and Braun, I9 7 5 a ) .  
Although th e  p r e c i s e  fu n c t io n  o f  th e  to n  B gene i s  unknov.n, i t  has been 
cloned on a p lasm id  and shown to  be a p r o te in  w ith  a m olecu lar  w eigh t 
o f  35,000 (F la s to w  and H olland , 1930). I t  has been suggested  t h a t  i t  
o p e r a te s  by t r a n s p o r t i n g  th e  su b s tan ces  l i s t e d  above to  the cy top lasm ic  
membrane ( .,'ang and Hewton, 1971 ; F ro s t  and Rosenberg, 1 975) in  energy 
co u p lin g  o f  the  two membranes (Hancock e t  a l . ,  1577) o r  i n  m a in ta in in g  
the p ro p e r  o r i e n t a t i o n  o f  the  o u te r  membrane r e c e p to r s  w ith  components 
o f  th e  cy to p la sm ic  membrane (Kadner and B assfo i’d, 1978 ; Koninsky, 1579).
D e sp i te  the  s i m i l a r i t y  in  f u n c t io n  and r e g u la t i o n  th e re  i s  a b a s ic  
d i f f e r e n c e  i n  the  mechanism o f  i n t r a c e l l u l a r  i r o n  r e l e a s e  from the  
complexes o f  the  hydroxam ates ai*d e n te r o b a c t in .  The hydroxaraates a re  
reu sed  by th e  c e l l  ; i n t r a c e l l u l a r  i r o n  r e l e a s e  p robab ly  occurs  by 
r e d u c t io n  o f  Fe^^ to Fe^^ v/hich i s  on ly  lo o s e ly  bound to  the s iderophore  
(Cooper e t  a ^ . ,  1978). The i r o n - f r e e  l ig a n d  i s  then  s e c re te d  in to  the  
medium. I r o n  r e d u c ta s e s  have been re p o r te d  to  r e le a s e  i r o n  from 
fe r r im y c o b a c t in  (Brown and R a tledge , 1574 ; HcCready and R a t lcd g e , 1975) 
and a s id e ro p h o re ,  f e r r i p y o c h e l i n  from P s . a e ru g in o sa  (Ccx, 1580). By 
c o n t r a s t ,  F e -e n te ro b a c ^ in  i s  h y d ro ly sed  in  E. c o l i  to  2, 3“ 
d ih y d ro x y b e n so y lse r in e  by a s p e c i f i c  e s t e r a s e  ( O 'B rien  _eu a b . , 1 5 7 » ) . 
b u ta n ts  (F es  B) la c k in g  t h i s  enspmc (hangman c t  , 1572; a rc  unable  
to h^/drolyse th e  l ig a n d  ; F e -e n te ro b a c t in  accum ulates  and c u l tu r e s  o f 
c e l l s  tu r n  p ink  whereas th e  p a re n t  c e l l s  remain c o lo u r l e s s .
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A lthough the f e s  and fe p  gen es map c lo s e  to  th e  Ent genes th e  
form er are in  a sep a ra te  operon (Woodrow ^  a l . ,  1975)* One o f  the  
problem s encountered  in  th e  l i t e r a t u r e  concerning the g e n e t ic s  o f  
ir o n  uptake and tra n sp o r t has been th a t  no s t r i c t  gene n o ta t io n  has 
been adhered to  and hence th e  same gene may be g iv en  d if f e r e n t  n o ta t io n s .  
The d i f f e r e n t  gen es in v o lv e d  in  ir o n  tran sp ort are l i s t e d  in  T able 9 
to g e th e r  w ith  s e v e r a l o th er  a s so c ia te d  genes th a t  have o n ly  been  







E n te ro b a c t in
(E n te ro c h e l in )
C atechol 3 A erobac te r  aerogenes 
E sc h e r ich ia  c o l i  
Salmonella typhimurium 
K le b s ie l la  pneumoniae 
S h ig e l la  sonnei
2 , 3-dihydroxy-N - C atechol 1 As Above
b e n z o y l-L -s e r in e
2 , 3 -dihydroxy-H - C atechol 1 B ac il lu s  s u b t i l i s








P y o ch e lin C a te c h o l- l ik e KA Pseudomonas aeruginosa
A ero b ac tin Hydroxamic a c id  
Carboxylic  a c id  





Schizokinen Hydroxamic a c id  
Carboxylic  a c id  




B a c i l lu s  megaterium
Mycobactins Hydroxamic a c id 2 Mycobacterium smegmatis
Phenolic  hydroxyl 1 Mycobacterium tu b e rc u lo s i s
T e r t i a r y  N 1 Mycobacterium k a n s a s i i  e t c .
Ferr ichrom es Hydrcxamic a c id 3 A sp e rg i l lu s ,  Neurospora, 
P é n ic i l l iu m ,  U s t i la g o ,  
Actinomyces, Streptomyces 
Cryptococcus spp.
R hodo to ru lic  a c id Hydroxamic a c id 2 Rhodotorula , leucosporidium  
Sporobolomyces spp.
F u s a r in in e s Hydrcxamic a c id 1-3 F u sa r ia ,  A sp e rg i l lu s ,  
G-ibberella spp.
Ferrioxam ines Hydroxamic a c id Streptomyces, Hocardia spp.
fyoverd ine^^ Hydrcxamic a c id  
- l i k e
m Pseudomonas f lu o re sc e n s
KA Value not a v a ila b le  a t  the present tim e.
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TABLE 9
GENETIC LOCI LINIŒD WITH IRON TRANSPORT IN E sch er ich ia  c o l i  K-1 2
Locus Map P o s it io n C h a r a c te r is t ic s  o f  
Mutants
en t A, B,C. 13 E nterobactin  b io sy n th e s is  ; 
mutants unable to  convert 
chorism ate to  DHBA but can 
take up exogenously  supp lied  
en tero b a ctin  or DHBA#
13
aro B.
fe s  A,
f e s  B. 14
fg£  A, 13
13
E nterobactin  b io sy n th e s is  ; 
mutants unable to  convert 
DHBA to en tero b a ctin  but can 
take up exogenously supp lied  
en tero b a ctin .
D efec tiv e  in  en tero b a ctin  
b io sy n th e s is  ; o n ly  produces 
en terob actin  when su pp lied  
w ith the precursor DHBA.
A component o f  en tero b a ctin  
e s te r a se  ; thought to  have 
no e f f e c t  on the enzyme's 
a c t iv i t y ,  but may fu n ctio n  
in  s t a b i l iz a t io n  o f  the B 
component.
B component o f  en terob actin  
e s te r a se  ; mutants accumulate 
en terob actin  but cannot 
hydrolyze i t  to DHBA and 
thus cannot use F e- en terob actin  
as an iro n  source.
R es is ta n t to  c o l ic in s  B and 
D ; d e fe c t iv e  in  transport  
o f  Fe- en terob actin  a cross  
the ou ter membrane. M issing  
8lK p ro te in .
D efectiv e  in  transport o f  
Fe- en terob actin  a cross the 
cytoplasm ic membrane ; may 
be a d if fe r e n t  m utation in  
the fep  A gene.
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TABLE 9 (C on t.)
Locus Map P o s it io n  C h a r a c te r is t ic s  o f
________________._______________ ________________ Mutants
c i r  44 R e s is ta n t  to  c o l ic in s  la  & Ib ;
( f eu a ) to le r a n t  to  c o l i c in  V. M issing
74K p r o te in .
fe e  A, 6 D e fec tiv e  in  F e -c it r a te  uptake,
( c itT  Gene i s  c o -tra n sd u c ib le  w ith
Hjg F.
fee  B, 6 D e fe c t iv e  in  F e -c it r a te  uptake.
Gene i s  not co -tra n sd u c ib le  
with arg F.
fhu A,  3 R e s is ta n t  to bacterioph ages T1 ,
T3 & (|)80 c o l ic in  M and albomycin  
s p e c i f i c a l ly  b locked  in  b inding  
and transport o f  F e-ferrichrom e. 
M issing 73K p r o te in ,
ton JB, 27 R esis ta n t to  bacteriophages T1
( exb a ) Se $80 and albom ycin, to leran ce
to  c o l ic in s  B,D,G,H,Ia,Ib,M ,Q ,
S1 & V, Chromium s e n s i t iv e  ; 
hyperexcrete en tero b a ctin , 
blocked in  transport o f  a l l  
c h e la te s ,
exb B, 64 Tolerance to  c o l ic in s  B,D ,G ,H ,Ia,
Ib,M,Q,Sl & V ; hyperexcrete  
en terob actin  ; m ethionine  
auxotrophy ; p a r t ia l ly  d e fe c t iv e  
in  transport o f  Fe- en tero b a ctin . 
Chromium r e s is t a n t .  S e n s it iv e  
to  phages T1 and $30.
exb C. ? Tolerance to  c o l ic in s  B,D,G,H, &
M ; hyperexcrete en terob actin  ; 
p a r t ia l ly  d e fe c t iv e  in  tran sport  
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F ig , 7* E nterobactin  and i t s  h y d ro ly tic  breakdown products :
I .  E nterobactin  ( c y c l i c  DBS tr im e r ) .
I I .  l in e a r  DBS tr im er,
I I I ,  DBS dimer,




















F ig , 8 , The b io sy n th e s is  o f  E n terob actin ,
I ,  Chorismate ; I I ,  isoch orism ate ;
I I I .  2 , 3 -d ih yd ro-2 ,^ -d ih yd roxyb en zoic  acid  ;
IV. DHBA ; V ,  E nterobactin
The f ig u r e  shows the r e a c tio n s  a f fe c te d  by m utations in  the s ix  
en t g e n e s , (from N eilan d s, 1 9 74 ).
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F ig , 9* Hydroxamate siderophores ; the ferrichrom e fa m ily .
CompoundI S tru ctu re ,
Ferrichrom e, 
Ferrichrom e A,
R =R'=R"=H  ; R " ' = C H ,-
R=R'=HOCHg ; R” =H;
Ferrichrome C, R=R"=H
R »= R "»=C H ^- ( 2 )
F e r r ic h r y s in , R=R'=HOCHg-; R"=H ; 
R” '= C H , -
F e r r ic r o c in , R=R"=H;R'=CH20H;
R " ' = C H , -
71
C olicin B
F e -E N T -
or
Fe-(DBS),
p h a g e s  Ti 4 80 
Colicin M 
F e -fe rr ic h ro m e  
Albomycin











F ig . 1 0 .  R eceptor-dependent t r a n s lo c a t io n  o f  ir o n  a c r o ss  th e  ou ter  
membrane o f  E sc h e r ic h ia  c o l i  K-12 .  The f ig u r e  shows th e  common binding  
s i t e s  o f  b a c te r io p h a g e s , c o l i c in s  and fe r r i- s id e r o p h o r e s  in  the ou ter  
membrane. The p r o te in s  coded f o r  by th e  genes tonA; c i r ; fepA ; fecA  
have b een  id e n t i f i e d  and lo c a te d  in  the o u te r  membrane. T ra n slo ca tio n  
p r o c e sse s  req u ir in g  th e  tonB fu n c t io n  are shown by an arrow p assing  
through th e  area  d es ig n a ted  tonB. P o s s ib le  pathways f o r  th e  tran sp ort  
o f  f e r r ic - e n t e r o b a c t in ,  ferr ic -(D B S )^  and ferric-DHBA a cro ss  th e  
membrane and the r e le a s e  o f  ir o n  in t o  the cytoplasm  are shown. The 
proposed s i t e s  o f  a c t io n  o f  th e v a r io u s  gene products are  in d ic a te d  
by the in c lu s io n  o f  th e  gene mnemonic in  a box.
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L icro-organ ism s
The m icro-organism s used in  t h i s  study, tog eth er  w ith  th e ir  
m aintenance media are l i s t e d  in  Table 1 0 , They were subcultured  and 
t h e ir  p u r ity  checked every fou r weeks.
Egg supply
( i )  Hen eggs
Brown eggs o f  th e  dom estic hen were obtained  from lo c a l  farm hens 
housed in  b a t t e r ie s  and fed  on a p ro p r ie ta ry  d ie t ,
( i i )  Duck eggs
Khaki-Campbell duck eggs were ob ta in ed  from the same lo c a l  farm as 
the hen eggs above.
( i i i )  Turkey eggs
Turkey eggs were ob ta in ed  from B r it is h  U nited Turkeys L td ,, T arvin, 
C hester.
( iv )  W aterfowl eggs
Eggs o f  v ariou s w aterfow l sp e c ie s  were c o l le c te d  from n e s ts  a t  the 
W ildfowl T ru st, S lim b rid ge , d o s .
Albumen
The w hite  o f  th e  eggs was h arvested  a s e p t ic a l ly  by w iping the eggs  
with a c le a n  t i s s u e  and then swabbing th e s h e l l  w ith 70f'o (v /v )  eth an ol 
b efo re  crack in g  th e  s h e l l  w ith  a flam ed s c a lp e l  and c o l le c t in g  the 
co n ten ts  in  a s t e r i l e  P e tr i  d ish . Eggs o f  the w aterfow l were candled  
and th o se  o f  poor in te r n a l  q u a lity  d iscard ed  ; the r e s t  were cleaned  
w ith a t i s s u e  soaked in  d i s t i l l e d  w ater b efore  a lc o h o l s t e r i l i s a t i o n .
The w h ites from s e v e r a l eggs o f  th e  same sp e c ie s  were removed from the  
P e tr i d ish  w ith  s t e r i l e  10 ml w ide-bore p ip e t te s ,  c o l le c t e d  in  a s t e r i l e  
screw -capped b o t t le  and mixed by g e n t le  shaking.
7 3
Change in  albumen pH
"hen req u ired  the pH o f  hen egg albumen was changed in  one o f  
two ways : (a )  a d d it io n  o f  s t e r i l e  1H HCl or (b) p a ss in g  a s t e r i l e  
gas m ixtu re ( 3/o CÔ  -  1 0  ̂ -  N^) over the su rfa ce  o f  the albumen
which was shaken co n tin u o u sly  in  a 2^0 ml Erlenmeyer f la s k .
Hen eggs were p laced  in  l iq u id  p a r a ff in  im m ediately fo llo w in g  la y  
to  r e ta r d  th e  d if f u s io n  o f  CO .̂ T his m aintained the albumen a t about 
pH 7 .3  u n t i l  i t  was h a rv ested .
Measurement o f  pH
The [ H^] o f  a l l  s o lu t io n s  was measured by pH m eter model 10 
(C orning E e l S c i e n t i f i c  Instrum ents L td .)
■Additions to  egg albumen
( i )  Casamino a c id s  so lu tio n
V ita m in -free  casam ino a c id s  ( D if c o ) ,  d e iro n ised  w ith  8-  
hyd roxyq u in o lin e to remove any extraneous iro n  (Waring and Werkman, 
1942) were f i l t e r - s t e r i l i s e d  (0 ,4 3  pm î Oxoid L td .) ,  and added to egg 
w hite to  g iv e  a f i n a l  co n cen tra tio n  o f  10 m ^m l.
( i i )  Trace elem ent so lu tio n
T his co n s isted  o f  ( w t / l i t r e  d i s t i l l e d  water) : NaCl, 0 ,3  g ;
(HH^)^ SO^, 0.66g ; ZnSO^. 7HgO, 0.11 mg ; CaSO .̂ 7H2O, 0,11 mg ;
CoSO .̂ 7H2O, 0.11 mg ; MnCl^, 4HgO, O.63 mg ; MgSO .̂ 0 ,14  mg.
One m i l l i l i t r e  o f  t h i s  f i l t e r - s t e r i l i s e d  s o lu t io n  (0 ,4 3  pm ; Oxoid 
L td .) was added to  23 ml egg w h ite .
( i i i )  Growth fa c to r  so lu tio n
T h is  c o n s is te d  o f  ( m g /l i t r e  d i s t i l l e d  water) : p-am inobenzoic 
a c id , 1 O.O ; f o l i c  a c id , 1 .0  ; cyanocobalam in, 1 .0  ; n ic o t in ic  a c id ,
1 , 0 ; p an to th en ic  a c id , 1 . 0  ; th iam in e, 1 , 0  ; r ib o f la v in ,  1 . 0 ; b io t in ,  
1 ,0 , One m i l l i l i t r e  o f  t h i s  f i l t e r - s t e r i l i s e d  so lu t io n  (ü .4 3  pm ;
Oxoid L td .)  was added to  23 ml egg w h ite .
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( iv )  N itrogen  sou rces
(NH^)^ SO^, KNÔ  were f i l t e r - s t e r i l i s e d  (0 ,4 3  pm ; Oxoid 
L td .) and added to  egg w hite to  g iv e  a f i n a l  con cen tra tio n  o f  1 mg/ml,
( v) Genninants
To a id  germ ination  o f  b a c te r ia l  endospores L -a lan in e  and in o s in e  
( f i n a l  co n cen tra tio n s  10mM and lmM r e s p e c t iv e ly )  were added to  egg 
w h ite .
( v i )  Iron tra n sp o r t compounds
F i l t e r - s t e r i l i s e d  (0 .4 3  pm ; Oxoid L td .)  en tero b a ctin  and 2 ,3 -  
dihydroxybenzoic a c id  were added to  egg w hite to g iv e  a f i n a l  
co n cen tra tio n  o f  10 mg/ml,
( v i i )  Iron  compounds
The fo llo w in g  iro n  compounds were used to  t i t r a t e  pure ovo tra n sferr in  
and/or were added to  egg w hite to  sa tu r a te  the c h e la tin g  p o te n t ia l  o f  
the o v o tr a n s fe r r in  i . e .  "one m i l l i l i t r e  o f  albumen b inds 20 pg iron"  
(Theodore and Schade, 19^3)•
FeSO^.
Fe ( N H J 2 6H ^0
F e  C l j .  SHgO
F e - n i t r i lo t r ia c e t a t e  (Fe-NTA)
The f i r s t  two o f  th ese  compounds in c lu d ed  2 .3  ml 1ONHgSO^/litre 
iron  s o lu t io n  to  prevent h y d r o ly s is  o f  the ferro u s ir o n . Fe-NTA was 
formed from n i t r i l o t r i a c e t i c  a c id  and FeCl^; one m illim o la r  
n i t r i l o t r i a c e t i c  a c id  was t i t r a t e d  to  n e u tr a l i t y  w ith  KaOH u sin g  methyl 
red as an in d ic a to r  and Imiiî FeCl^ added to  g iv e  ImM Fe-LTA. A l l  iron  
so lu t io n s  were f i l t e r - s t e r i l i s e d  (0 .4 3  pn ; Oxoid L td .) and made up 
fresh  each tim e.
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In o c u la t io n  o f  m icro-organism s in to  albumen
N u tr ie n t  b ro th , * p la te  count broth* or tr y p to ne soya broth  
(O xoid L td .)  and Y .E .P .G . b roth  c o n s is t in g  o f  ( g / l )  : Y east e x tr a c t  
( D i f c o ) ,  1 0 .0  ; Peptone ( D if c o ) ,  2 0 .0  ; D -g lu co se , 2 0 .0 , were used to  
grow b a c te r ia  and y e a s t s  r e s p e c t iv e ly  b e fo re  in o c u la t io n  in to  albumen. 
A fte r  in c u b a tio n  fo r  18h a t  the tem perature s ta te d  in  th e  t e x t ,  th e  
c e l l s  were h arvested  by c e n tr ifu g in g  ( 3 ,0 0 0  x g) and washed tw ice w ith  
s t e r i l e  q u arter  s tr e n g th  R ingers b u ffe r  pH 7 .0  (BDH L t d .) ,  b efo re  
f i n a l l y  resu spend ing  them in  a s o lu t io n  o f  th e  l a t t e r .
P o r tio n s  (23 ml) o f  albumen, in  s t e r i l e  100 ml Erlenm eyer f la s k s  
were in o c u la te d  w ith  \  ml o f  a s u ita b ly  d ilu te d  su sp en sion  o f  b a c te r ia  
or y e a s t .  The inoculum  and albumen were mixed by s w ir lin g  and rep eated  
su ck in g  up and down u sin g  a 1 ml w ide-bore p ip e t t e .  The f la s k s  were 
then  in cu b a ted  in  a shaking water bath (60 shakeg/m in) a t  th e  requ ired  
tem p eratu re.
V ia b le  cou n ts
Three methods were u sed ,
( i )  The d r o p le t  tech n iq u e (M iles  and M isra, 1938) was used fo r  
m icro-organ ism s th a t formed sm a ll, d is c r e te  c o lo n ie s  on s o l id  n u tr ie n t  
m edia. S e r ia l  d ecim al d i lu t io n s  were prepared from 1 ml o f  albumen in  
9 ml o f  s t e r i l e  q u arter  s tr e n g th  R ingers s o lu t io n .  The albumery^Ringers 
m ixture was mixed th orou gh ly  a t  each s tep  in  the d i lu t io n  s e r ie s  and a 
d if f e r e n t  s t e r i l e  p ip e t te  used in  each t r a n s fe r .  E igh t 0 .0 2  ml drops 
o f  each d i lu t io n  were d is p e n se d  onto th e d ried  su r fa ce  o f  n u tr ie n t  agar, 
p la te  count ag a r , tryp ton e soya agar or M9 m inim al agar co n ta in in g  
w /v) : Na  ̂ HPO ,̂ 0 .3 3  Î ^H^PO^, 0 .2 7  Î NaCl, 0 .0 4 3  ; NH^Cl, 0 .0 9  ; 
CaCl^. 2H2O, 0 .0 0 1 8  ; MgSO^, 7H2O, 0 .0 2 2  ; D -g lu co se , 0 .3 3  ; agar, 2 .0  ; 
each component was s t e r i l i s e d  s e p a r a te ly  by a u to c la v in g  (121®C/13 min) 
and added to g e th e r  a s e p t ic a l ly  j u s t  b efo re  u se . These p la t e s  were then
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in cu b ated  a t  th e  optimum growth tem perature o f  th e  m icro-organism  
concerned  and c o lo n ie s  counted a f t e r  24h and 48h .
( i i )  The p la t e - d i lu t io n  frequency tech n iq u e (H arris and Sommers, 
1968) was used fo r  b a c te r ia  e .g .  P roteus v u lg a r is . B a c illu s  cereu s T 
th a t d id  not form sm all d is c r e te  c o lo n ie s  on s o l id  m edia.
( i i i )  The pour p la te  tech n iq u e was used fo r  counts in v o lv in g  
y e a s t s  and r e c o n s t itu te d  d r ie d  baby m ilk . With th e  form er, th e  s e r ia l
with cooling
d i lu t io n s  were f i r s t  so n ica ted v a t an am plitude o f  6 .0  m icrons peak to
 ̂ probe diameter 3mm
peak on a s o n ic a to r  (M .S.E. Instrum ents L t d b e f o r e  1 .0  ml o f  
a p p rop ria te  d i lu t io n s  was used to  prepare pour p la te s  w ith  Y .E .P.G .A . 
which were then  m aintained  a t  30°C fo r  24h and 48h . With th e  l a t t e r
1 ,0  ml o f  the ap p rop ria te  d i lu t io n  was used to  prepare pour p la te s  
u sin g  p la te  count agar ( 3d in cu b a tio n  a t  30°C and 37°C ; the g en era l 
c o u n t) , MRS agar (deMan e t  a l . . 19^0) ( 3d in cu b a tio n  a t  and 37°C ;
the l a c t o b a c i l l i  count) and P.G .Y .E .A . which con ta in ed  {% w /v) : potato  
e x tr a c t  ( D if c o ) ,  0 ,4  ; D -g lu co se , 0 .2 3  ; Y east e x tr a c t  (D if c o ) ,  0 .4  ; 
agar, 2 ,0  ( 3d in cu b a tio n  a t  30°C and 37°C ; th e  spore c o u n t) . The 
spore count was made a f t e r  h e a tin g  th e  r e c o n s t itu te d  d ried  m ilk  a t  
70°C fo r  30 min to  in a c t iv a t e  th e  v e g e ta t iv e  c e l l s  p r e se n t.
Glassware
A ll  g la ssw a re  used in  th e experim ents in v o lv in g  ir o n  was fr e e d  
o f  con tam inating  ir o n  by th e  fo llo w in g  procedure : (a ) o v ern ig h t soak  
in  0 ,1  N HCl (b ) r in s e  w ith  d e io n is e d , g l a s s - d i s t i l l e d  w ater (c )  wash 
w ith  0 . 3^ (w /v) 8 -h yd roxyq u in o lin e  (BDH L td .) in  chloroform  to  c h e la te  
any ir o n  p resen t (Waring and Workman, 1942) (d) r in s e  w ith  chloroform  
to  remove any tr a c e s  o f  c h e la te  ( e )  dry in  a h o t -a ir  oven to  remove 
chloroform  ( f )  r in s e  tw ice  w ith  d e io n is e d , g l a s s - d i s t i l l e d  w ater (g )  
dry in  h o t - a ir  oven . The ex tran eou s ir o n  cou ld  be id e n t i f i e d  by washing 
u n trea ted  g la ssw a re  w ith  d e io n ise d  w ater and determ ining th e  amount 
p resen t which was g e n e r a lly  l e s s  than 1 yig.
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D eiro n ised  media
In  experim ents in v o lv in g  d e ir o n ise d  media the method Waring 
and Workman ( l9 4 2 )  in v o lv in g  e x tr a c t io n  w ith  0 .3 ^  (w /v) 8 -  
h yd roxyq u in o lin e in  chloroform  was used to  remove contam inating ir o n .
Chemical d eterm in a tio n s
( i )  G lucose
G lucose c o n c e n tr a tio n s  were determ ined u s in g  th e  Boehringer b lood  
sugar k i t  (Boehringer-M annheim ). A sample (0 ,1  ml) o f  albumen was 
p r e c ip ita te d  in  1 .0  ml 0 .1 6^  (w /v ) uranyl a c e ta te  s o lu t io n .  The p r o te in  
was p e l l e t e d  by c e n tr ifu g in g  ( 3 ,000  x g) and 0 .2  ml o f  th e  su pern aten t  
used  fo r  th e  a s sa y . F ive  m i l l i l i t r e s  o f  g lu c o se  o x id a se  reagen t (GOD) 
c o n s is t in g  o f  (w /m l) : p ero x id a se , 20 pg ; g lu c o se  o x id a se , 180 pg ; 
chromagen (ABTS), 0 .3  mg in  1 00 mM phosphate b u ffe r  (pH 7 .0 )  was added 
to  th e su p ern a ta n t, a g lu c o se  standard and a b lank o f  d i s t i l l e d  w ater . 
The m ixture was incubated  a t  37°C fo r  20 min and the absorbance o f  the  
co lou red  com plex measured a t  6l 0 nm by a Unicam SP 300 sp ectrophotom eter  
(l^e-U nicam  L td .)
G lucose c o n cen tra tio n  = Absorbance o f  sample x 100 ( m ^ l00 ml)
Absorbance o f  standard
( i i )  Iron
Iron  c o n c e n tr a tio n s  were measured in  two ways : (a )  u sin g  the  
chromophore b ath oph en an th ro line (4 , 7 -d ip h en y l -  1 , 10 -  p h en anth ro lin e)  
in  0 .0023  M in  isoam yl a lc o h o l (P e te r so n , 1 9 3 3 ) . As b athophenanthro line  
forms a com plex w ith  ir o n  I I  and not iro n  I I I  th e  ir o n  was f i r s t  reduced  
from Fe^* to  Fe^* w ith  a m ixture o f  t r ic h lo r o a c e t ic  ( 20% w /v) and 
t h i o g l y c o l l i c  (l% v /v )  a c id s ,  th e  complex e x tr a c te d  in to  isoam yl a lc o h o l  
and i t s  absorbance measured a t  333 nm(b) fo r  ir o n  d eterm ination  in  
albumen, th e  p r o te in  was f i r s t  p r e c ip ita te d  u s in g  th e above a c id  m ixture  
and the su pern atan t c o n ta in in g  th e  iro n  a n a ly sed  by atom ic a b so rp tio n
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sp ectro sco p y  u s in g  th e  Unicam SP 9 Atomic a b so rp tio n  spectrophotom eter  
(l^e-U nicam  L td .)
( i i i )  C atechol s id erop h ores
T o ta l c a te c h o l co n cen tra tio n  was determ ined by Arnows ( l9 3 7 )  
method. The fo llo w in g  were added in  order to  1 .0  ml o f  sample : 1 .0  
ml 0.3N  HCl ; 1 .0  ml Arnows rea g en t c o n s is t in g  o f  10% ( v /v )  NaNO  ̂ and 
10% (w /v) sodium molybdate ; 1 .0  ml 1N NaOH and 1 .0  ml d i s t i l l e d  w ater. 
The c a te c h o l c o n cen tra tio n  was determ ined from a standard curve u s in g  
2 ,3 -d ih y d ro x y b en zo ic  a c id . C atech o ls  in  egg w h ite  were determ ined in  
th e  su pern atan t a r i s in g  a f t e r  p r e c ip ita t io n  o f  th e  p r o te in  from a 1 .0  
ml sample w ith  9*0 ml 0 .1 ^  (w /v ) uranyl a c e ta te  and c e n tr ifu g in g
(3 ,0 0 0  X g ) .
P u r i f ic a t io n  procedures
( i )  O v otran sferr in
A com bination  o f  th e methods o f  \7 illia m s ( l  9^2) and A zari and 
Baugh ( 1967) was u sed . The procedure was th e  same fo r  o v o tr a n s fe r r in  
from both  hen egg albumen and Khaki-Campbell duck egg w h ite .
One l i t r e  o f  egg w h ite  was mixed w ith  an eq u a l volume o f  sa tu r a ted  
(NH^)g SO  ̂ and the p r e c ip ita te d  p ro te in  removed by c e n tr ifu g in g  ( l  0 ,0 0 0  x 
g ) . The su pern atan t was a d ju sted  to  pH 4 . 6  w ith  O.3NH SO, and th e
WV ^  Zf
p r e c ip ita t e  was removed by c e n tr ifu g in g  ( l 0 ,0 0 0  x g ) .  S o lid  (Mi )
SO^ was added to  th e  supernatant ( 8 g / l 00 ml) and the o v o tr a n s fe r r in  
p r e c ip ita t e  c o l le c t e d  by c e n tr ifu g in g  ( l 0 ,0 0 0  x g ) . The p r e c ip ita t e  
was d is s o lv e d  in  d i s t i l l e d  w ater and d ia ly se d  o v ern ig h t a g a in s t  d i s t i l l e d  
w ater to  remove any r e s id u a l (NH^)^ SO^. The s o lu t io n ,  a d ju sted  to  pH
6 .0  w ith NĤ OH, was c h i l l e d  in  i c e  and O.67 volumes o f  30% (v /v )  e th a n o l 
in  0 .0 2  M NaCl added to  p r e c ip ita t e  th e  o v o tr a n s fe r r in  v/hich was 
r e d is s o lv e d  in  d i s t i l l e d  w ater and d ia ly se d  o v ern ig h t a g a in s t  d i s t i l l e d  
w a ter . An e x c e ss  o f  FeCl^ . éH^O and NaHCO was added to  form the
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orange co lou red  F e -o v o tr a n s fe r r in  which was then d ia ly s e d  fo r  2d 
a g a in s t  d i s t i l l e d  w ater , a d ju sted  to  pH 9 .0  w ith  NĤ OH, f i l t e r e d  
and th e  f i l t r a t e  d ia ly s e d  a g a in s t  O.lM ammonium a c e ta te  (pH 3 .5 )>
The d ia ly s e d  f i l t r a t e  was passed  through a column ( 2 .3  x 8 .0  cm) 
o f  CIiî Sephadex C23 (Pharmacia F ine Chem icals L td .)  th a t had been  
e q u ilib r a te d  w ith  0,1 M ammonium a c e ta te .  The F e -o v o tr a n sfe r r in  was 
a llow ed  to  run in to  th e  su r fa c e  and top la y e r  o f  the r e s in  where i t  
was r e ta in e d  as an ora n g e-co lo u red  zone. The column was f i r s t  washed 
w ith  0.1 M ammonium a c e ta te  (pH 3«0) and th en  th e  F e -o v o tr a n s fe r r in  
e lu te d  w ith  0.1  M ammonium a c e ta te  (pH 7 * 0 ) . F ra c tio n s  ( l 0 ml) o f  
th e  e lu a te  were c o l le c t e d  and t h e ir  absorbance determ ined a t  470 nm.
The f r a c t io n s  co n ta in in g  th e  F e -o v o tr a n sfe r r in  complex were pooled  
and d ia ly s e d  o v e r n ig h t a g a in s t  0 .0 2  M g ly c in e  (pH 6 .3 ) .  They were then  
passed  through a column ( 2 .3  x 3 .0  cm) o f  DEAE Sephadex A30 (Pharmacia 
Fine C hem icals L td .)  which had been e q u ilib r a te d  w ith  the same b u f fe r .  
A fte r  w ashing th e  F e -o v o tr a n s fe r r in  in to  th e  column w ith  more o f  th e  
same b u f fe r ,  i t  was e lu te d  u s in g  a g ra d ien t formed from 130 ml o f  0 .0 2  M 
g ly c in e  in  a m ixing v e s s e l  and 0 .0 2  m g ly c in e  -  0 ,0 2  MKĤ  PO  ̂ -  0 .0 2  M 
K^HPO  ̂ in  an a d ja cen t v e s s e l .  F r a c tio n s  ( l 0  ml) were c o l le c t e d  and 
t h e ir  absorbance determ ined a t  470 nm.
The F e -o v o tr a n s fe r r in  co n ta in in g  f r a c t io n s  were pooled  and th e  
ir o n  d is s o c ia t e d  from the p r o te in  by a d ju st in g  the s o lu t io n  to  pH 4 .7  
w ith  10% (w /v) c i t r i c  a c id .  S t ir r in g  fo r  30 min was adequate to  
d is s o c ia t e  th e  ir o n  a s  th e  ir o n - c i t r a t e  com plex. The m ixture was th en  
passed  down a sm all column ( 2 .3  x 2 .3  cm) o f  Dowex -  1 an ion  exchanger  
(BDH L td .)  e q u il ib r a te d  w ith  O.Ol M C itr a te  b u ffe r  (pH 4 .7 )  and th e  
p r o te in  d e s a lte d  by g e l  f i l t r a t i o n  on a column ( 2 .3  x 30 cm) o f  
Sephadex 023 (Pharm acia F ine C hem icals L td .)  which had been p r e v io u s ly  
sw o llen  in  d e io n is e d  g l a s s - d i s t i l l e d  w ater. The ir o n - fr e e  p r o te in  was 
e lu te d  w ith  d e io n ise d  g l a s s - d i s t i l l e d  w ater and the e lu a te  c o l le c t e d  in
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a p re-w eigh ed  g la s s  v e s s e l  th a t  had been tr e a te d  to  remove 
con tam in atin g  ir o n . The s o lu t io n  was fr e e z e -d r ie d  and th e  f l u f f y  
w h ite  powder w eighed . The y ie ld  was 4 .2 3 g  o f  hen egg o v o tr a n s fe r r in  
and  ̂ . 38g Khaki-Campbell o v o tr a n s fe r r in .
(a )  T it r a t io n  o f  o v o tr a n s fe r r in  w ith  ir o n
Three m i l l i l i t r e s  o f  p u r if ie d  hen o v o tr a n sfe r r in  and com m ercially  
a v a ila b le  hen o v o tr a n s fe r r in  ( Sigma L td .)  a t  a co n cen tra tio n  o f  2 .1 67 
m ^m l in  30 mM b orate  b u f fe r  (pH 9 .2 )  c o n ta in in g  100 mM NaHCÔ  were 
t i t r a t e d  w ith  in c r e a s in g  amounts o f  ir o n . A fte r  30 -  60 min to  a llo w  
co lo u r  developm ent th e  absorbance o f  the complex was measured a t  470 nm 
(F raen k el-C on rat and F eeney, 1 9 3 0 ) .
( i i )  Lysozyme
A com bination  o f  th e  methods o f  C an fie ld  and McMurry (l9& 7).
J o l i e s  e t  a d .,  ( l9 6 2 )  and Arnheim e t  (l9& 9) was u sed .
P oo led  hen egg w h ite  ( 3OO ml) and 900 ml o f  0 ,0 3  M NaH^PO  ̂ were 
mixed g e n t ly  in  a Waring b len d er  and f i l t e r e d  through s e v e r a l la y e r s  
o f  paper t i s s u e  (K im w ipes)• CM Sephadex C23 (Pharmacia F ine Chem icals 
L td .)  p r e v io u s ly  e q u il ib r a te d  w ith  the same b u f fe r , was added to  th e  
f i l t r a t e  ( 4 g / l )  and th e  s lu r r y  s t ir r e d  c o n tin u o u sly  o v ern ig h t a t 4°C. 
A fte r  th e  r e s in  had s e t t l e d  th e  supernatant co n ta in in g  th e  r e s t  o f  th e  
egg w h ite  p r o te in s  was decanted  and th e  r e s in  w ith  absorbed lysozym e 
poured onto a Buchner fu n n e l l in e d  w ith  m u slin . The r e s in  was thoroughly  
washed w ith  an eq u al volume o f  d i s t i l l e d  w ater fo llo w e d  by 0 ,2  M 
phosphate b u f fe r  (pH 6 . 3 ) .  The lysozym e was e lu te d  w ith  0 .6  M phosphate 
b u ffe r  (pH 6 . 3 ) ,  d ia ly se d  o v ern ig h t a g a in s t  d i s t i l l e d  w ater a t  4^C and 
f r e e z e - d r ie d .
The f r e e z e -d r ie d  sample was d is so lv e d  in  1 0  ml 0 , 0 1  M phosphate 
b u ffe r  (pH 5 . 0 ) .  T h is was a p p lied  to  th e  top  o f a column ( 2 .3  x 23 cm) 
o f  CM Sephadex C23 which had been p r e v io u s ly  washed w ith  0 . 1  N NaOH, 
d i s t i l l e d  w ater  and 0 . 1  N HCl, soaked in  O.O1 M phosphate b u ffe r  (pH3 .3 )
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fo r  4üh and then  put in to  fre sh  b u ffe r  and degassed . The column 
was washed w ith  O.O1 M phosphate b u ffe r  (pH 3*3) a t  a flow  ra te  
o f  2O-3G m i/h . Lysozyme was e lu ted  a t a flo w  r a te  o f  6O m l/h  
with a b u f fe r  g ra d ie n t produced by p la c in g  330 ml o f  O.OI M phosphate 
b u ffe r  (pH 3.3) in  a g ra d ie n t m ixing v e s s e l  and 0.1 M phosphate
b u ffe r  (pH 7*3) in  an ad ja cen t v e s s e l .  F ra c tio n s  ( l 0 ml) were
c o l le c t e d  and t h e ir  absorbance a t  280 nm m easured. Samples from 
each peak were a ssayed  fo r  lysozym e a c t i v i t y  u s in g  the su b stra te  
M icrococcus ly s o d e ik t ic u s . The ly sozym e-con ta in in g  fr a c t io n s  were 
pooled , d ia ly s e d  a g a in s t  d i s t i l l e d  w ater fo r  2ifh a t  4^0 and fr e e z e -  
d r ie d .
Lysozyme was d e s a lte d  by d is s o lv in g  th e  f r e e z e -d r ie d  sample in  
3 ml o f  1% ( v /v )  a c e t i c  a c id  and p assin g  i t  through a column (2 ,3  x 23 cn̂  
o f  Sephadex &-30 (Pharm acia F ine Chem icals L td .)  which had been  
e q u ilib r a te d  w ith  1% ( v /v )  a c e t ic  a c id . The lysozym e was e lu te d  from 
the column w ith  1% ( v /v )  a c e t i c  a c id  and fr a c t io n s  (2  ml) c o l le c t e d
which were a ssa y ed  fo r  p r o te in  by th e ir  absorbance a t 280 nm and peak
samples a ssa y e d  f o r  lysozym e a c t i v i t y .
The sam ples c o n ta in in g  lysozym e were p oo led , f r e e z e -d r ie d  in  a 
pre-w eighed g la s s  b o t t l e  and sto red  a t -13^C. The y ie ld  was 123 mg 
o f  hen egg w h ite  lysozym e,
(a )  C el e le c tr o p h o r e s is  o f  hen egg w hite  lysozym e
The p u r if ie d  sample o f  hen egg M iite  lysozym e and a commercial 
p rep aration  o f  th e  same (Sigma L td .) were su b jec ted  to  d is c  
e le c tr o p h o r e s is  (Q u ic k f it  Instrum ents L td .) on 13% (w /v) polyacrylam ide  
g e l  a t  room tem p eratu re. The e le c tr o p h o r e s is  was run fo r  2h w ith a 
current o f  3 “A per tube and 0,001% (w /v) bromophenol b lu e (BDH L td .)  
added as a marker dye. The g e ls  were s ta in e d  w ith  Cooraassie b r i l l i a n t  
blue s t a in  co n ta in in g  0.1% (w /v) Coomassie b r i l l i a n t  b lu e ; 30% (v /v )  
m ethanol and 7Q% ( v /v )  a c e t i c  acid  and d esta in ed  by w ashing (4  x 24h)
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in  m ethanol -  a c e t i c  a c id  -  w ater (30  : 7 : 43 ; v /v ) fo llo w e d  by  
washing (3  % 24h) in  m ethanol -  a c e t i c  a c id  -  w ater (30 : 7 : 63 ; 
v /v ) .
(b ) Lysozyme a c t iv i t y
B a c te r ia  were grown in  n u tr ie n t  b roth  (Oxoid L td .)  fo r  18h a t  
30°C ( M icrocoocus lu t e u s ) or 37°C ( E sch er ich ia  c o l i  C20 ;
* S tap h y lococcu s a lb u s * ; B a c illu s  megaterium) . The c e l l s  were 
h a rv ested  by c e n tr ifu g in g  (3 ,0 0 0  x  g) and washed tw ice  in  O.O6 M 
T r is  -  HCl b u ffe r  (pH 9 .0 )  b e fo re  resuspending in  O.O6 M T r is  -  HCl 
b u ffe r  (pH 9 .0 )  c o n ta in in g  0 ,0 3  M NaCl. A f r e e z e -d r ie d  su sp en sion  
o f  M icrococcus ly s o d e ik t ic u s  (Sigma L td .)  was in c lu d ed  fo r  com parison ;
0.1  mg o f  t h i s  su b str a te  was d is s o lv e d  in  10 ml T r is  -  HCl b u ffe r  
c o n ta in in g  0 .0 3  M NaCl, For th e  a ssa y  c e l l s  were suspended in  th e  
same b u f fe r  c o n ta in in g  4  mg/ml hen egg w h ite  lysozym e ( Sigma L td .)  
and th e  d ecrea se  in  o p t ic a l  d e n s ity  measured a t  430 nm,
(c )  Lysozyme s u s c e p t ib i l i t y  o f ir o n -d e f ic ie n t  E scherich ia  c o l i  O111
E sch erich ia  c o l i  0111 was grown in  M9 minimal medium for  18h a t
37^0. The c e l l s  were h a rv ested  by c e n tr ifu g in g  (3 ,0 0 0  x  g ) ,  washedW\
tw ice  in  s t e r i l e  M9 medium and f i n a l l y  resuspended in  s t e r i l e  M9 medium. 
One m i l l i l i t r e  o f  t h i s  su sp en sion , s u ita b ly  d i lu te d ,  was used  to  in o c u la te  
d e ir o n ise d  , f i l t e r - s t e r i l i s e d  (0 .4 3  ^  ; Oxoid L td .) ,  M9 m inim al medium 
in  0 .2  M g ly c y lg ly c in e  b u f fe r  a t  th e  pH s ta te d  in  th e  t e x t .  Orowth o f  
th e  m icro-organ ism  was m onitored by th e in c r e a se  in  absorbance a t  6OO nm.
Iron  f r e e  o r  ir o n  sa tu ra ted  hen egg w hite o v o tr a n s fe r r in  was 
added to  M9 m inim al medium w ith  or w ith ou t hen egg w h ite  lysozym e. A l l  
the components were made up in  d e ir o n ise d  0 .2  M g ly c y lg ly c in e  b u f fe r  a t  
th e  pH g iv e n  in  the t e x t ,  f i l t e r - s t e r i l i s e d  (0 .4 3  pm ; Oxoid L td .)  and 
added to g e th e r  a s e p t ic a l ly  b e fo re  in o c u la t io n  w ith  a su sp en sion  o f  E. 
c o l i  OIII a s  above. In  t h i s  case  growth was m onitored by v ia b le  cou n ts  
on M9 m inim al medium w ith  0 . 03% (w /v) f e r r ic  c i t r a t e .
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( i i i )  E n tero b a ctin
E n tero b a ctin  was prepared from E sch er ich ia  c o l i  AN 263 
acco rd in g  to  th e  method o f  Young ( l9 ? 6 ) .
S in g le  c o lo n ie s  o f  E. c o l i  AN 263 were taken  from a c u ltu r e ,  
grown a t  37°C o v ern ig h t on n u tr ie n t  agar p la te s  co n ta in in g  30 mM 
g lu c o se  and 10 mM c i t r a t e  and strea k ed  a cro ss  an oth er p la te  o f  th e  
same medium to  g iv e  c o n f lu e n t  grow th. A fte r  24h a t  37°C th e  growth  
from t h i s  p la t e  was used to  in o c u la te  }0Q ml o f  M9 minimal medium 
co n ta in in g  ( f i n a l  c o n c e n tr a tio n s )  : 1 .3  mM L -p r o lin e  ; 0 .8  mM L- 
le u c in e  ; 0 .2  mM L-tryptophan ; 1 pid th iam ine -  HCl and 1 0 mM c i t r a t e .  
A fte r  22h a t  37^C t h is  c u ltu r e  was used to  in o c u la te  10 l i t r e s  o f  th e  
same media which had no c i t r a t e  but a d d it io n a l Fe SO^  ̂ YHgO ( 0 .2  mM). 
This c u ltu r e  was grown a t  37^0 fo r  22h a f t e r  which the c u ltu r e  was a 
deep red b eca u se  o f  the F e -e n te r o b a c tin  p r e se n t .
The c u ltu r e  was co o led  to  4 °C and the c e l l s  removed by c e n tr ifu g in g  
( 21 ,000  X g) th e  medium through a continuous a c t io n  ro tor  (M .S.E . L td .)  
f i t t e d  to  a High Speed 18 R e fr ig e r a to r  C en trifu ge (M .S.E , L td .)  a t  a 
flow  r a te  o f  about 4 OO m l/m in . The r e s u lt in g  su pern atan t was f i l t e r e d  
under vacuum th r o u ^  a g la s s  m icro fib re  f i l t e r  (C F/D ; Whatman L td .)  
to  o b ta in  a c le a r  s o lu t io n  and absorbed onto a column ( 2 .3  x 3O cm) o f  
DEAE c e l lu lo s e  A23 (Pharmacia F ine Chem icals L td .)  which had p r e v io u s ly  
been e q u il ib r a te d  w ith  iO miï phosphate b u ffe r  (pH 7«0) a t  4°C. The 
F e -e n te r o b a c t in  was absorbed in to  th e top 2 -3  cm o f  the r e s in  and th e  
column washed w ith  th e  same b u f fe r .  The F e -e n te r o b a c tin  was e lu te d  
w ith  2 M NH  ̂ C l (pH 7 .O) a t  about 230 m l/h  and f r a c t io n s  (20  ml) were 
c o l le c t e d  ; b row nish -red  o x id a t io n  products from th e medium were l e f t  
behind on t h e  r e s in .  The red fr a c t io n s  were pooled  and th e  pH a d ju sted  
to  1 ,0  wi1h 10 M HgSO^. The a c id i f ie d  s o lu t io n  was e x tr a c te d  ( x  3 ) 
w ith  e t h y la c e ta te  (O.I v o l)  in  a sep a ra tin g  fu n n e l and th e e x tr a c ts  
washed w ith  an eq u a l volume o f  0.1 M phosphate b u f fe r  (pH 7 . 0 ) fo llo w e d
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by 30 ml o f  d e io n ised  g l a s s - d i s t i l l e d  w a ter . The aqueous e x tr a c ts  
were d isca rd ed  and the e th y la c e ta te  d ried  over anhydrous NagSÔ  ̂
o v e r n ig h t . The e th y la c e ta te  was con cen tra ted  to about 10 ml by 
ro ta ry  ev a p o ra tio n  and n-hexane added u n t i l  th e  s o lu t io n  was f a in t ly  
tu rb id . The e th y la c e ta te  -  hexane m ixture was s lo w ly  con cen tra ted  by 
fu r th e r  r o ta ry  evap oration  u n t i l  the e n tero b a c tin  " c r y s ta ll iz e d " . The 
y ie ld  was 40 mg from 10 1 o f  medium.
(a )  Non-enzym atic h y d ro ly s is  o f  e n tero b a c tin  
E n tero b a c tin  (lO  mg/ml) d is so lv e d  in  0 .2  VI T ris  -  HCl b u ffe r  
(pH 9 .0  and 1*2) was in cu b ated  fo r  1 h a t  37^0, a c id i f ie d  to pH 1 .0  
w ith 10 M H^SO  ̂ , e x tr a c te d  w ith  an eq u a l volume o f  e th y la c e ta te  and 
con cen tra ted  to approxim ately  O.3  ml by ro ta ry  evap o ra tio n . One hundred 
m ic r o l i t r e s  o f  th ese  sam ples and a c o n tr o l sample were a p p lied  to one 
corner and 1 ,3  cm from th e  edge o f  20 x 20 cm th in  la y e r  Machery Nagel 
MN 300 c e l lu lo s e  precoated  sh e e ts  (Caralab -  Cambridge) u sin g  an Agla  
M icrometer sy r in g e  (Burroughs-Welcome L td .)  The chromatograms were 
developed  f i r s t l y  w ith  benzene -  a c e t ic  a c id  -  w ater ( l 23 : 72 : 3 î 
v /v )  in s id e  a fume cupboard, and, a f t e r  d iy in g  a t  room tem perature 
u n t i l  th e  a c e t i c  a c id  was removed, th e  chromatogram was developed  in  
the second d im ension w ith  3% (v /v )  ammonium form ate in  0 . 3% (v /v )  
form ic a c id .  E n terob actin  and i t s  h y d r o ly s is  products were d e te c te d  
by u l t r a v i o l e t  l i g h t  and by spraying w ith  aqueous FeCl^ reagen t  
(O’ B rien  ^  1 970) .
E n tero b a ctin  was e lu te d  from th e  chromatograms in  13% ( v /v )  a c e t ic  
a c id . The e lu a te  was a c id i f ie d  to  pH 1 .0  w ith  10 M HgSO  ̂ and 
e x tr a c te d  in to  e t h y la c e t a t e .  H y d ro lysis  products were removed by 
washing (O .I VI phosphate b u ffe r  pH 7 .0 )  and the en tero b a c tin  c r y s t a l l iz e d  
from the e th y la c e ta te  by a d d it io n  o f  n-hexane and ro ta ry  ev ap ora tion .
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B a c te r ia l endospores
The m a te r ia ls  and methods used  in  th e study o f  b a c t e r ia l  
endospores are l i s t e d  in  th e  p u b lic a t io n  bound in  the back o f  t h is  
t h e s i s .  In  a d d it io n  to  th e se  methods th o se  used  in  th e  e le c tr o n  
m icroscopy o f  th e  endospores are g iv en  below .
E le c tro n  m icroscopy o f  B a c i l lu s  cereu s T
Spores were removed from egg w h ite  and tryptone soya broth  by
c e n tr ifu g in g  ( l6 ,0 0 0  x g ) , In  each ca se  th e  p e l l e t  o f  sp ores  was
.............................
re suspended and f ix e d  in  2̂ o (w /v) KMnÔ  a t  20°C fo r  90 min or 3%
(w /v) g lu tera ld eh y d e  in  1 0OmM phosphate b u ffe r  pH 7*3 a t  4°C fo r  90 
m in. The sp ores suspended in  2̂ o (w /v) KMnÔ  were washed a t  l e a s t  
te n  tim es by rep ea ted  c e n tr ifu g a t io n  and resu sp en sio n  in  lOOmM 
phosphate b u ffe r  (pH 7.3) u n t i l  th e  supernatant v/as co m p lete ly  c le a r  
o f  r e s id u a l permanganate. The g lu te r a ld e h y d e -f ix e d  spores were washed 
o n ly  once in  b u ffe r  and th en  both s e t s  o f  f ix e d  spores were resuspended  
in  1% (w /v) OsO  ̂ f o r  33 min a t  room tem perature in  a fume cupboard.
The sp o res , recovered  from th e OsO  ̂ by c e n tr ifu g in g , were washed  
( X 3 ) in  1 OOmM phosphate b u ffe r  pH 7 .3  and dehydrated in  70% (v /v )  
e th a n o l fo r  13 min and th en  ( x  4 ) in  100% (v /v )  e th a n o l fo r  13 m in.
The dehydrated sp ores were resuspended in  a m ixture (30  : 30) o f  10C% 
(v /v )  e th a n o l and Spurrs r e s in  (Spurr, 1 9 6 9 ) . The spores and r e s in  
m ixture was p la ced  in  a r o ta to r  and a c c e le r a to r  (Taab L td .)  and a f t e r  
overn ig h t m ixing (4  revs/m in ) a t  room tem perature the sp o res , recovered  
by c e n tr ifu g in g  (3 ,0 0 0  x g ) ,  were embedded in  100% (v /v )  Spurrs r e s in  
which was p o lym erised  during 48h a t  60^C.
Thin s e c t io n s  (<  1 pm th ic k )  o f  the embedded sp ores were cu t u s in g  
an u ltram icrotom e (R e ic h a r t , A u s tr ia ) . The s e c t io n s  were s tr e tc h e d  by 
h o ld in g  a p a in tb ru sh  soaked in  ch loroform  above them and c o l l e c t e d  onto
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a copper g r id .  S ev era l g r id s  were s ta in e d  (sa tu r a te d  u ra n y l a c e ta te  
in  70% ( v /v )  e th a n o l and Reynolds le a d  c i t r a t e  ; 13 min in  each) 
washed w ith  d i s t i l l e d  w ater and d r ie d  on f i l t e r  paper b e fo re  exam ination  
w ith  the JEM lOOC e le c tr o n  m icroscope (J e o l)  u sin g  an a c c e le r a t in g  
v o lta g e  o f  20 kv.
R e c o n s t itu t io n  o f  d r ied  baby m ilk
M ilum il d r ied  m od ified  m ilk  food  fo r  b a b ies  (M ilupa L td .)  was 
r e c o n s t itu te d  by adding th e  req u ired  amount o f  powder to  s t e r i l e  0.2M 
phosphate b u ffe r  or s t e r i l e  0.2LÎ b orate  b u ffe r  a t  30°C and a t  th e pH 
s ta te d  in  th e  t e x t  and m ixing to  g iv e  a f i n a l  co n cen tra tio n  o f  1 Omg/ml, 
The ir o n  c o n cen tra tio n  o f  t h i s  m ilk  was 7 .0  j i^ m l.
T /v E L E  1 0
MICRO-Oil&ANlS'.S USED IN THIS STUDY
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Organism Maintenance Medium Source
A cinetobacter sp. N iitrient Agar 2
A lca li^ en es fa e c a l is Nutrient Agar 1
B a c illu s  cereus Tryptone Soya Agar 4
B a c illu s  cereu s T Tryptone Soya Agar 2
B a c illu s  megaterium Ehtr ie n t  Agar 2
B rocothrix thermosphacta N utrient Agar 1
E nterobacter aerogenes N utrient Agar 1
E sch erich ia  c o l i  C20 Nutrient Agar 1
E scherich ia  c o l i  K12 (NCIB 9483) Nutrient Agar 2
E sch erich ia  c o l i  0111 * I^utr ie n t  Agar 3
E sch erich ia  c o l i  0 l4 l * N utrient Agar 3
Kurthia z o p f i i N utrient Agar 1
M icrocoocus lu teu s N utrient Agar 1
1-icrococcus lu teu s  (NCTC 2663) N utrient Agar 2
Mycobacterium p h le i N utrient Agar 1
Proteus v u lg a r is N utrient Agar 1
Pseudomonad sp . N itr ie n t Agar 4
Pseudomonas aeruginosa (NCTC 950) N utrient Agar 2
Pseudomonas flu o rescen s N utrient Agar 2
Salm onella brandenberg N utrient Agar 1
Salm onella dublin N utrient Agar 1
Salm onella waycross N utrient Agar 1
S erra tia  m arsescens Nutrient Agar 1
' Staphylococcusalbus ' N utrient Agar 1
Staphylococcus aureus (NCTC 6371 ) N utrient Agar 2
Streptococcu s fa e c a l is  (NCIB 8l 9l ) P la te  Count Agar 2
Bretanomyces anomalus Y.E.P.G-. Agar 3
Candida k ru sei Y.E.P.&. Agar 3
Candida v a lid a T.E.P.C. Agar F
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TABLE 13 continued
Organism Maintenance Medium Source
Debaryomyces hansenii Y.E.P.G, Agar 5
Saccharorayces c e r e v is ia e Y.E.P,G, Agar 1
Y.E.P.G, Agar Yeast E xtract Peptone Glucose Agar
 ̂ Stock Culture C ollection ,B ath  U n iversity  M icrobiology Dept,
2 B acterio logy  D ept., U nilever L im ited, Colworth House, Sharnbrook, 
Bedford,
3 N ational I n s t itu te  for M edical Research, M ill H il l ,  London,
4 Midland Poultry Holdings Lim ited, The Grove, Craven Arms, Salop,
3 Dr. R.R, Davenport, Long Ashton Research Centre, Lopg Ashton, B r is to l ,
* These b a cter ia  were the kind g i f t  o f P rofessor  H, J, Rogers,
In a d d itio n  the fo llow in g  mutant s tr a in  was used ; i t  was maintained  
on M9 minimal medium with the ad d ition  o f 1 . 3nol' p ro lin e , O.Smlv! le u c in e , 
0,2mî/i tryptophan, 1ml.i thiamine and 10mM c itr a te  to prevent reversion ,
E scherich ia  c o l i  AN263 FepA 4O3 proC leu  trpE th i r p s l tonA
a z i  strA ara lacY xy l m tl supE.
This cu ltu re  was the kind g i f t  o f  Graham Plastow , Dept, o f G enetics, 
L e ic e s te r  U n iv ersity , Adrian B uild ing, U n iversity  Road, L e ic e ste r ,
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RESULTS
The l i t e r a t u r e  review  id e n t i f i e d  many p r o te in s  o f  egg w h ite  th a t  
have a n t im ic r o b ia l p r o p e r t ie s .  The p resen t research  d e a lt  w ith  whole 
albumen so th a t  in form ation  on the c o n tr ib u t io n  o f  any in t e r a c t io n  
betw een th e s e  p r o te in s  cou ld  be id e n t i f i e d .  P a r t ic u la r  a t t e n t io n  was 
g iv e n  to  lysozym e and o v o tr a n s fe r r in  and th e behaviour o f  b a c t e r ia l  
and y e a s t  v e g e ta t iv e  c e l l s  and b a c t e r ia l  endospores in  albumen a t  
d i f f e r e n t  tem p eratu res, ir o n  c o n c e n tr a tio n s  and pH, The r e s u l t s  o f  
t h i s  phase o f  th e  work are g iv en  in  th e  fo llo w in g  s e c t io n s .
The fa te  o f  b a c te r ia l  v e g e ta tiv e  c e l l s  in  hen egg white
( i )  Lysozyme
In  a su rvey  (F ig s .  11 , 12 and 13) o f  G ram -positive and Gram- 
n e g a tiv e  b a c t e r ia ,  many o f  which were chosen  because th ey  a re  t y p ic a l  
food  s p o ila g e  organ ism s, i t  was found th a t  th e  former were k i l l e d  by 
albumen a t  39*5°C the in cu b a tio n  tem perature o f  th e  hen’ s egg and a 
com parative tem perature o f  30°C ir r e s p e c t iv e  o f  whether ir o n  was p resen t  
or not a t  a c o n c e n tr a tio n  s u f f i c i e n t  to  sa tu r a te  th e  w h ite ’ s co n ten t  
o f  o v o tr a n s fe r r in . Some o f  th e  G ram -positive b a c te r ia  were not ly s e d  
( F ig .  1 4 ) by lysozym e p u r if ie d  from hen egg w h ite  (F ig s .  13 and 16) .
P rev io u s  workers have dem onstrated th a t  G ram -negative b a c te r ia  
can be rendered  s u s c e p t ib le  to  egg w h ite  lysozym e. In cu b ation  under 
a lk a l in e  c o n d it io n s  (Z inder and Arndt, 193&) in  th e absence or p resen ce  
o f  a c h e la t in g  agent such as E.D .T.A . (V os, 19^4) in d u ces lysozym e-  
s e n s i t i v i t y  in  many G ram -negative b a c te r ia .  Moreover i t  i s  notew orthy  
th a t  egg w h ite  co n ta in s  s e v e r a l c h e la t in g  a g en ts  ( e . g .  o v o tr a n s fe r r in ,  
a v id in , o v o fla v o p r o te in )  and th a t i t s  pH rem ains con stan t a t  9 .6  
w ith in  th ree  days o f  la y  (H ealey  and P e te r , 1 9 2 3 ).
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E sch erich ia  c o l i  0111 died slow ly  (F ig . 17) in  M9 minimal medium
pH 9 .0  rendered iron d e f ic ie n t  by the presence o f ovotran sferr in
p u r if ied  from hen egg albumen (F ig s , 18a and b ) , but grew slow ly  in
the same medium a t pH 7 .4 .  The ad d ition  o f  lysozyme had no
demonstrable e f f e c t  in  e ith e r  case but the a d d itio n  o f  O.OlMFeSO,4
r esu lted  in  growth in  M9 medium at both pH's.
The evidence presented above in d ic a te s  th at lysozyme, although  
p resent in  considerab le  concentration  in  hen egg w hite, makes on ly  a 
sm all i f  indeed any con trib u tion  to the an tim icrob ia l defence o f  the 
hen's egg.
( i i )  O votransferrin
In the past th e sa tu ra tion  o f ovo tran sferrin  with iron s a lt s  in  
order to a llow  growth has been the main fea tu re  o f much of the work 
concerning the a n tim icrob ia l nature o f  albumen. In some in sta n ces  
the fa i lu r e  o f  workers to  obta in  growth o f micro-organisms in  the 
presence o f  "saturated" o v o tran sferr in  may be a ttr ib u ted  to the 
p ro p erties  o f  the so lu tio n s  o f  the iron s a l t s  them selves. I t  has not 
been recognized  w idely in  m icrobiology th at fe r r ic  s a l t s  a t n eu tra l 
pH form polym eric iron complexes, large sp h er ica l stru ctu res made up 
o f Fe^* c r o ss - lin k e d  by oxo-b rid ges. The r e le a se  o f  low m olecular 
weight iro n  from such polymers i s  very slow in  the absence o f a su ita b le  
ch e la tin g  agent such as E .D .T .A ., N.T.A. or c i t r a t e .  Ferrous s a l t s  do 
not e x h ib it  th is  marked tendency towards h y d ro ly sis  and as a r e s u lt  
such s a l t s  e x is t  as low m olecular weight complexes with rea d ily  
d is so c ia b le  lig a n d s . Moreover fa ilu r e  to appreciate the chem istry of 
iron  s a l t s  a t  n eu tra l pH can lead to fa ilu r e  in  attem pts to quench a 
ch e la tin g  agen t. Indeed the t i t r a t io n  o f ovotran sferrin  with ferrou s  
and f e r r ic  s a l t s  i s  e s s e n t ia l  in  order to  ensure complete sa tu ra tion
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o f  o v o tr a n sfe r r in  b efo re  growth experim ents in v o lv in g  t h is  p r o te in  
can be contem plated . T h is i s  e x em p lif ied  by th e  data p resen ted  in  
F ig . 1 9 , Thus t i t r a t i o n  o f  o v o tr a n s fe r r in  w ith  f e r r i c  s a l t s  ( e . g .  
FeC lj) prepared under c o n d it io n s  th a t did n o t impede polymer production  
f a i l e d  to  produce a c le a r  cu t end p o in t . The l a t t e r  was a fe a tu r e  o f  
t i t r a t i o n s  when s te p s  were taken to  prevent polymer form ation  e i th e r  
by u sin g  a fe r r o u s  s a l t  prepared in  the p resen ce  o f  a sm all amount o f  
a c id  or a f e r r ic  s a l t  prepared from a s u ita b le  c h e la t in g  agen t e .g .  
N.T.A.
The r e s u l t s  ob ta in ed  when o v o tr a n sfe r r in  i s  l e s s  than 100^ 
sa tu ra ted  in  hen egg w hite in o c u la te d  w ith  E. c o l i  C365O are shown 
in  Table 11 .
Of the Gram -negative b a c te r ia  in o c u la te d  in to  albumen a t  30°C 
(F ig s .  11 , 12 and 13) A cin eto b a cter  sp . was th e  o n ly  one to d ie  out 
com p lete ly  ; most o f  th e  o th er b a c te r ia l  p o p u la tio n s  remained s t a t i c  
or d e c lin e d  s l i g h t l y  and some p o p u la tio n s , n o ta b ly  the Salm onella  sp p .,  
in cr ea se d  s l i g h t l y .  A cin eto b a cter  was a ls o  th e  o n ly  one th a t f a i l e d  
to  m u lt ip ly  when ir o n  was added to  albumen a t  30°C to  sa tu r a te  the  
w h ite 's  co n ten t o f  o v o tr a n s fe r r in .
At 39 .5°C , the p op u la tion s o f  many more o f  th e  b a c te r ia  d ec lin e d  
in  albumen a lo n e  (F ig s .  11 and 1 2 ) .  With th e  e x c e p tio n  o f  P s . 
aeru ginosa  none o f  th e  o th er  b a c t e r ia l  s t r a in s  t e s t e d  was recovered  
from albumen a f t e r  24h in c u b a tio n . At t h i s  tem perature ir o n  caused  
th e growth o f ,  or p r o te c te d  the m icro-organism s from com p lete ly  dying  
o u t, excep t in  the ca ses  o f  P. v u lg a r is . P s . f lu o r e s c e n s  and 
A cin eto b a cter  sp .
T his survey showed th a t even a t  an e le v a te d  tem perature o f  39*5°C 
many o f  the Gram-negative b a c te r ia  which have been a s s o c ia te d  w ith th e  
contam ination  o f  eggs ( Pseudomonas. E sc h e r ic h ia . Sa lm on ella  sp p .) can
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grow p ro v id in g  o v o tr a n s fe r r in  i s  sa tu ra ted  w ith  Fe^*. A knowledge 
o f  the p h y sio lo g y  o f  th e  organism s th a t d id  not grow p erm its a 
t e n t a t iv e  in te r p r e ta t io n  o f  t h e ir  f a i l u r e .  For example, P . v u lg a r is  
has com plex n u tr it io n a l  requ irem ents th a t would be u n lik e ly  to  be 
s a t i s f i e d  by unsupplem ented egg w h ite . Indeed the r e s u l t s  p resen ted  
in  F ig .  20 in d ic a te  th a t  even w ith  E. c o l i  C20, an organism th a t  has 
no requirem ent fo r  v ita m in s and organ ic  sou rces o f  n itr o g e n , maximal 
growth and e x te n s iv e  g lu co se  u t i l i s a t i o n  were fe a tu r e s  o f  albumen 
which co n ta in ed  tra ce  m eta ls , a d d it io n a l combined n itro g en  and v ita m in s ,  
a s  w e ll  a s s u f f i c i e n t  ir o n  to  sa tu r a te  o v o tr a n s fe r r in .
S e v e r a l o f  th e  b a c te r ia  used in  t h i s  study were examined se p a r a te ly  
fo r  t h e ir  resp on se to  ir o n  when in o c u la te d  in to  hen egg w h ite . Of 
s e v e r a l ir o n  s a l t s  t e s t e d  Fe (NH ) (SO ) . 6 H 0  gave the g r e a te s t
4- 4  ^  <-
resp on se in  terms o f  growth o f  the inoculum  when added to  egg w hite  
( F ig .  2 1 ) due p o s s ib ly  to  th e  p resence o f  a d d it io n a l n itr o g e n  (F ig . 2 2 ) .
The a d d it io n  o f  ir o n  s u f f i c i e n t  to  sa tu ra te  o v o tr a n sfe r r in  had 
no e f f e c t  on th e  i n a b i l i t y  o f  G ram -positive b a c te r ia  to  su rv iv e  in  hen 
egg w h ite  b oth  a t  30°C and ( F ig s .  2 3 -2 6 ) . R ecovery o f  v ia b le
c e l l s  was im p o ss ib le  ^-6h  a f t e r  in o c u la t io n  in to  hen egg albumen even  
in  th e ca se  o f  a ly a o z y m e -r e s is ta n t  s t r a in  such as _B. cereu s T. There 
was no ev id e n c e  o f  recovery  even  when th e  c u ltu r e s  had been l e f t  fo r  
24h .
The s a tu r a t io n  o f  o v o tr a n s fe r r in  v/ith Fe^* r e s u lte d  in  the growth 
o f  G ram -negative b a c te r ia  in o c u la te d  in to  hen egg albumen (F ig s .  2 7 -3 1 )•  
With th e e x c e p t io n  o f  E n terob acter  a ero g en es, an organism which p r e fe r s  
tem peratures around 30°C, a l l  the Gram-negative b a c te r ia  grew in  th e  
p resen ce o f  ir o n  a t  39 .5°C , b u t were k i l l e d  in  i t s  ab sen ce. The f i r s t  
ev id en ce  th a t  tem perature may in f lu e n c e  the fa t e  o f  b a c te r ia  in  egg  
w hite appeared in  th e  r e s u l t s  ob ta in ed  from th e in o c u la t io n  o f  E n t.
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aerogenes and S. dublin  in to  hen egg w hite (F ig s , ^ 0  and 31 ) • At 
30°C, b a c te r io s ta s is  ( E nt. aerogenes) or s l ig h t  growth (S . dublin) 
occurred which increased  on the ad d ition  o f iro n .
These in d iv id u a l in v e s t ig a t io n s  support the r e s u lt s  obtained from 
the gen era l survey o f  b a c ter ia  in  hen egg w hite. The ad d ition  o f iro n  
to  sa tu ra te  hen ovo tra n sferr in  and the in flu en ce  o f temperature on the 
su r v iv a l o f Gram-negative b acteria  on ly  serve to underline the d ifferen ce  
between the aforem entioned organisms and Gram -positive b a cter ia  in  hen 
egg w h ite ,
( i i i )  Hatchery is o la te d  s tr a in s
H atchery i s o la t e d  s t r a in s  o f  b a c te r ia  d if f e r e d  from s im ila r  s tr a in s  
o b ta in ed  from th e d ep t, stock  c u ltu r e  c o l le c t io n  (grown under id e n t ic a l  
c o n d it io n s )  when in o cu la te d  in to  hen egg albumen (F ig s .  32 and 33) • 
A lthough th e  h atch ery  Pseudononad sp . su rv ived  lon ger in  hen egg  
albumen a t  3 9 *3 °C i t  was k i l l e d  co m p lete ly  a f t e r  24h whereas th e  
h a tc h e r y - is o la te d  B. cereu s was n ot k i l l e d  com p lete ly  a t t h i s  tem perature. 
A t 30°C th e  h a tc h e r y - is o la te d  s t r a in s  survived  s ig n i f i c a n t ly  b e t t e r  than 
th e  d ep t, s to ck  s tr a in s  and one o f  them ( th e  pseudomonad) grew a t  t h is  
tem perature in d ic a t in g  th a t th e se  organism s i s o la t e d  from th e  h a tch ery  
may p o s se s s  some f a c t o r ( s )  a llo w in g  them to  su rv iv e  lon ger in  albumen 
and which may u lt im a te ly  be r e sp o n s ib le  fo r  problems encountered in  
th e  h a tch in g  in d u str y .
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L o g v i a b l e  organisms/ml  albumen
F ig . 11. The e f fe c t  of iron  on the su rv iva l o f  a range o f Gram- 
p o s it iv e  b acter ia  in  hen egg albumen held  at 30° or 39.5^0 for
24h, NR, v iab le  organisms not recovered,
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F ig , 1 2 . The e f f e c t  o f  ir o n  on th e su r v iv a l o f  a range o f  Gram- 
n e g a tiv e  b a c te r ia  in  hen egg w hite h e ld  a t  30°  o r  3 9 . 5 °C fo r
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F ig . 13 . The e f f e c t  of iron  on the su rv iva l o f a range o f Gram- 
negative bacteria in  hen egg albumen held at 30° or 39«5°C for








S „ e '
I —  07
0 6'
08r E coli C20M. luteus 
(NCTC 2665 07
♦  0 6 -
LU 0 5 05,
03 03
02
















0 1 2 3 4 5 6 7
Minutes
F ig . 14. The a ction  of hen egg white lysozyme on b a c ter ia . A 
washed suspension o f c e l l s  was suspended in  0.06M T ris HCl buffer  
pH 9 .0  containing O.O5M HaCl ( • )  or bu ffer contain ing Q.05M NaCl 
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F ig , 17 . The e f fe c t  o f 0 . 01M FeSO  ̂ (A, A ) and Wgml  ̂ lysozyme 
( □ , ■  ) on the fa te  o f  E scherichia c o l i  0111 in  M9 minimal medium 
pH7 (open symbols) and pH9 (c lo sed  symbols) in  the presence of 











F ig , l 8a . Chromatography o f  hen and duck ovotran sferr in  on CÎ/.- c e l lu lo s e  
(se e  t e x t ) .  The column was e lu ted  with 0.1Ï.' CH COOhH, pH7.0 ; ten
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F ig , l 8b. Chromatography o f  hen and duck ovotra n sferr in  on DEAE Sephadex 
A30 (se e  t e x t ) .  The column was e lu ted  with a b u ffer  grad ient formed from 
0.02M clycine-0 ,02M  KH^PS,- 0 , 02M K̂ HPO, ; ten  m i l l i l i t r e  fr a c tio n s  were 
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P ig . 1 The spectrophotom etric t i t r a t io n  o f hen ovotransferrin  
(2.l67mgml ^) in  Ôm&I borate b u ffer  pH9.2 contain ing l00ml»l NaUCO. 
with the iron  s a l t s  FeCl^ (o ) ,  FeDJTA ( □  ) ,  and '
6HgO (#) .
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F ig , 20 . The e f f e c t  o f variou s supplements on th e  f a t e  o f







F ig , 21 . The e f fe c t  o f iron  s a lt s  on the death o f  E scherichia  
c o l i  0141 in  hen egg white; A ,FeC l^, #,FeSO^, ■ , Fe(l3i^)2 








F ig , 22. The e f f e c t  of oasamino acids (imgrnl”'̂ ; □ , ■  ) on the 
fa te  o f E scherich ia  c o l i  C20 in  hen egg w hite (open symbols) and 
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F ig , 2 3 . The fa te  o f  B a c illu s  cereus T in  hen egg w hite (open
symbols) and hen egg white saturated w ith  iro n  (c lo sed  symbols)
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P ig . 24. The fa te  o f  Staphylococcus epidermis in  hen egg white
(open symbols) and iron saturated egg white (c lo sed  symbols) at











P ig . 2 5 . The f a t e  o f  B a c i l lu s  megaterium in  hen egg w h ite  (open  
symbols) and iro n  sa tu r a te d  egg w hite ( c lo s e d  symbols) a t  
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Fig. 26, The fa te  of Microcoocus lu teus in  hen egg v/hite (open
symbols) and iron  saturated hen egg white (c lo sed  symbols) a t 30°C
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P ig . 27, The e f f e c t  of iron  saturation  (c lo sed  symbols) on the fa te  
of E scherich ia  c o l i  0141 (o , • )  and Escherichia c o l i  0111 ( □ , ■  ) 





















F ig . 28 , The e f f e c t  o f  iron  sa tu r a tio n  (c lo s e d  Qrmbols) on the fa te  
o f  E sch er ich ia  c o l i  C20 (o , t) and E sch erich ia  c o l i  C365O ( O , ■  )























F ig . 2 9 . The e f f e c t  o f  ir o n  sa tu r a tio n  (c lo s e d  symbols) on the f a t e










3^» ih ô  e f f e o t  o f iron  sa tu r a tio n  (c lo s e d  symbols) on the f a t e  
o f  S n terob aoter aerogenes in  hen egg w h ite  a t jO°C (o , • )  and











F ig . 31 . The e f f e c t  o f  ir o n  sa tu r a tio n  (c lo se d  symbols) on th e  fa te  







F ig , 3 2 . The e f f e c t  of tem perature on the f a t e  o f  Pseudomonas 
f lu o r e sc e n s  in  egg albumen. Pseudomonas f lu o r e sc e n s  is o la t e d  from 
hatchery  (open symbols) Pseudomonas f lu o r e sc e n s  from departm ental 








F ig . 33* The e f f e c t  o f tem perature on the f a t e  of B a c illu s  cereu s  
in  hen egg albumen. B a c illu s  cereus is o la t e d  from hatchery (open  
sym bols). B a c i llu s  cereu s T (c lo s e d  sym bols); (o ,  • )  39.3°C
( a  , ■  ) .
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TABLE 11
THE EFFECT OF IRON SATURATION OF OVOTRANSFERRIN ON THE FATE OF 
ESCHERICHIA COLI C363O IN EGG V/HITE AT 39.5®C
% sa tu r a tio n  o f  o v o tr a n s fe r r in  V iab le count c e l l s  /m l albumen
w ith  ir o n  * Oh 6h l2 h  24h
0 7 . 7 3  X 10^ 9 . 8 3  X 10^ 1 . 0  X 10^
25 7 . 7 0  X 1 0 ^ 1 . 0 4  X 10 ^ 2 . 3  X 1 0 ^
50 8.1  X 10 ^ 1 . 72  X 1 0 ^ 2 . 7 3  X 1 0
7 3 7 . 7 9  X 1 0 ^ 1 . 4 8  X 1 0 ^ 3 . 0  X 1 0 ^
.1 0 0 7 . 9 3  X 1 0 ^ 1 . 2 2  X 1 0 ^ 1 . 3  X 1 0 ^
* The d if fe r e n t  sa tu ration  v a lu es  were c a lcu la ted  from the amount
o f  iron  needed to  g ive  1OÔo sa tu ra tion  o f  hen ovo tra n sferr in , as
determined by a standard curve.
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The f a t e  o f  b a c t e r ia l  endospores in  hen egg w h ite
A part from the paper by Laschtschenko ( l9 0 9 ) ,  l i t t l e  a t te n t io n  
has been g iv e n  to  th e  f a t e  o f  b a c te r ia l  endospores in  egg w h ite . The 
major o b se r v a tio n s  made in  such a study a re  g iv en  in  th e  p u b lic a t io n  
bound in  th e  back o f  t h i s  t h e s i s .  The fo llo w in g  s e c t io n  m erely  n o tes  
th e  major fe a tu r e s  d is c u s se d  in  the paper and p resen ts  a d d it io n a l  
e v id e n c e , p a r t ic u la r ly  th a t  ob ta ined  from e le c tr o n  and l i g h t  m icroscopy  
stu d y .
( i )  Germ ination
S ta g es  in  th e  development o f  _B. cereu s T spores in  hen egg w hite  
and try p to n e  soya broth a t  pH 9 .0  are shown in  p la te  6 ( a - h ) . There 
was no dem onstrable d if f e r e n c e s  in  the r a te  o f  germ ination  (F ig . 34) 
o f  B, ce r e u s  T sp ores (phase b r ig h t  : phase dark ; see  p la te s  a b e d )  
in  try p to n e  soya broth  (pH 9 .0 )  and hen egg w h ite  (pH 9 .0 )  supplemented 
w ith  L -a la n in e  and in o s in e .
( i i )  S w e llin g
I t  was noted  (T ran ter and Board, 1982) th a t  the volume o f  B, cereu s  
T sp ores in c r e a se d  to  a g r e a te r  ex ten t in  hen egg w hite (pH 9 .0 )  than  
in  try p to n e  soya broth  (pH 9 . 0 ) .  The s w e llin g  o f  th e s e  sp ores occurred  
in  two d i s t i n c t  phases ( s e e  F ig . 2 , T ranter and Board, 1 9 8 2 ), In  the 
f i r s t  phase th e  in c r e a se  in  volume r e s u lte d  from an in c r e a s e  in  both  
the le n g th  and breadth  o f  th e  spores in  egg w h ite  and tryp ton e soya  
b r o th . In  th e  second phase th e spores in  egg w hite  con tin u ed  to  in c r e a se  
f o r  about 4h both in  le n g th  and breadth r e s u lt in g  in  a sw o llen  " ba lloon ­
lik e "  form (p la t e  6f ) ,  Those in  tryptone soya broth  in c r e a se d  o n ly  in  
le n g th . Thus th e spore had an e lon gated  appearance ju s t  b e fo re  
v e g e ta t iv e  c e l l  emergence began a t 70 -  80 min (p la te  6e ) .
E le c tr o n  m icroscopy o f  B, cereus T spores in  egg w h ite  and tryptone
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soya broth  d id  not show any major d if f e r e n c e s  in  morphology although  
in  some c a s e s  th e  core in  sp o res  o b ta in ed  from egg w h ite  had expanded 
to  such an e x te n t  th a t  the c o r te x  had been squeezed r ig h t  a g a in s t  the  
spore c o a ts  and was alm ost in d is t in g u is h a b le  from the l a t t e r  ( p la t e s  
7ab and 8 a b ).
( i i i )  V e g e ta t iv e  c e l l  outgrowth
V e g e ta tiv e  c e l l s  o f  B, cereu s T emerged norm ally from sp ores  
in o c u la te d  in to  tryp ton e soya broth  a t  pH 7 .6  and 9 .0  (p la t e  9& and c ) .
No fr e e  v e g e ta t iv e  c e l l s  emerged from sp ores  suspended in  egg w h ite  
pH 7 .6  and 9 .0  w ith in  th ree  hours o f  in o c u la t io n .  A sm all percentage  
(approx. 2^) o f  the sp ores attem pted  outgrowth but the c e l l s  were alw ays 
a s so c ia te d  w ith  th e  spore c o a t and appeared s tr u c tu r a lly  very  weak 
(p la te  9 d ) . When l e f t  o v e r n ig h t, some o f  th e  spores in  egg w hite (pH 7 .Q  
formed fr e e  c e l l s  (p la te  9b) bu t th e se  d if f e r e d  from th o se  in  tryp ton e  
soya broth  in  s iz e  and shape and in  many c a se s  c e l l  d iv is io n  appeared  
to  be a f f e c t e d  (p la te  9 e ) .  A lthough th e v e g e ta t iv e  c e l l s  in  egg w hite  
were o f  a b iz a r r e  morphology th ey  gave a G ram -positive s t a in  r e a c t io n  
(p la te  1O) and moreover th ey  con ta in ed  a sm all amount o f  l i p i d  gran u les  
(p la t e  11 ) .
As w ith  E. c o l i  C20 ( F ig ,  20) th e  a d d it io n  o f  casamino a c id s ,  
growth fa c to r s  or tra ce  e lem en ts to  egg w hite  d id  not e f f e c t  th e  even ts  
d ep icted  in  p la te  6 ( e - h ) .  At pH 7 . 6  however ir o n  removed th e  in h ib i t io n  
o f  outgrowth (p la te  1 2 ) .  Indeed c e l l s  formed in  iron-supplem ented  egg 
w hite had a s im ila r  morphology to  th ose  formed from sp ores in  a r ic h  
medium such as tryp to n e  soya b ro th . A lthough th e c e l l s  in  egg w h ite  
s ta in ed  G ram -p ositive , th e  s ta in in g  was very  granular ( p la t e  12) due 
to  th e p resen ce o f  la r g e  amounts o f  l i p i d  p resen t in  th e  cytoplasm  
(p la te  13 ) .  V/hen l e f t  o v ern ig h t many o f  th e  c e l l s  formed sp ores
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(p la te  1 4 ) •  Iron  had no e f f e c t  on the in h ib i t io n  o f  outgrow th by 
egg w h ite  a t  pH 9 . 0 .
E le c tro n  m icroscopy o f  th e  outgrow th p rocess from sp ores in  
tryp ton e soya broth  (pH 9 . 0 ) rev ea led  normal emergence o f  th e  fr e e  
c e l l s  ( p la t e  15 ) •  The c e l l s  emerging from spores in  egg w hite (pH 9 .O) 
appeared d is to r te d  and in  many c a se s  l y s i s  o f  the c e l l  en velope seemed 
to  be occu rr in g  as  th e  c e l l s  emerged from th e  spore c o a t . In  some o f  
the p rep a ra tio n s th e  membrane o f  emerging v e g e ta t iv e  c e l l s  from spores  
in  egg w hite appeared to  be d isru p ted  and in ca p a b le  c f  m ain ta in in g  
c e l l  in t e g r i t y  ( p la t e  16a and b ) .
These o b se r v a tio n s  to g e th e r  w ith  th e  ev id en ce p resen ted  in  the  
p u b lic a t io n  bound in  th e  back o f  t h is  t h e s i s  su g g est th a t  th e  in h ib it io n  
o f  outgrowth from spores o f  _B, cereu s T suspended in  hen egg w hite i s  
dependent upon both  the h igh  pH o f  the medium and th e  absence o f  a 
f r e e ly  a v a ila b le  source o f  ir o n . S im ilar  r e s u l t s  ob ta ined  from spores 
suspended in  a sim ple d e fin ed  medium o f  a high pH in  th e  presen ce o f  




M i n u t e s
F ig , 34 , Germination o f  B a c illu s  cereu s T sp ores in  tryptone  
soya broth ( • )  and hen egg w hite (o ) a t  pHg. 0 .
P la te  6a~h, Phase co n tra st  m icrographs o f  s ta g e s  in  the  
development of B a c illu s  cereu s T spores in  tryptone soya 
broth ( a , o , e , s )  and hen egg w h ite  ( b , d , f , h )  a t  pH^.O;
(a  and b) m ostly  ungerminated spores ; (c  and d) m ostly  
germ inated sp ores ; (e  and f )  sw e llin g  b efo re  outgrowth  
stage  ; (g ) outgrowth o f  v e g e ta t iv e  c e l l s  in  tryptone  
soya broth  ; (h ) second sw e llin g  stage of spores in  egg 













Plate 7a and. b . Electron micrographs o f B acillus cereus T 
spore in  hen egg white showing sw elling of spore cortex (C) 
w ithin the spore coats (SC) and exosporium (Ex), In b the 
cortex i s  ind istingu ishab le from the spore coa ts . The bar 






ï ‘» # r - . i î« r
% m S # #
t4. ^
Plate 8a and b. Electron micrographs o f  B acillu s cereus T 
spores in  tryptone soya broth pH^.O. Although sw elling has 
occurred the cortex (c) i s  s t i l l  v is ib le  w ith in  the spore 






Plate 9a-e. Outgrowth of vegetative c e l ls  of Bacillus cereus 
T from spores suspended in  tryptone soya broth (a and c) and 
hen egg white (b and d) at pH9*0 (c and d) and 7.6 (a and b). 
In many cases c e l l  d ivision  appeared to be affected during 
outgrowth in  egg white pH7.6 (e ) .
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Plate 10. G-ram sta in  of vegetative c e l l s  o f B acillus cereus T 
that have grown out o f  spores suspended in  hen egg white pH7.6 
after  l8h .
Plate 11. Vegetative c e l l s  o f B acillus cereus T that have grown 
out o f spores suspended in  hen egg white pH7.6 a fter  l8h , stained  
with Burden's lip id  sta in  to demonstrate the presence o f lip id  
granules.
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Plate 12, G-ram sta in  o f vegetative c e l l s  of B acillus cereus T 
that have grown out o f spores suspended in  hen egg white fo r  l8h  
at pH7.6 saturated with iron.
Plate 13. Vegetative c e l l s  of B acillus cereus T that have grown 
out of spores suspended in  hen egg vh ite  for  l8h at pH7.6 
supplemented with iron stained with Burdon's lip id  sta in  to show 
the presence of granules.
Plate 14. Phase contrast micrograph of vegetative c e l l s  of B acillus  
cereus T that have grown out o f spores suspended in hen egg white 
for l8h at pH7.6 saturated with iron showing the presence of lig h t  
refractive spores.
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Plate 15. Electron micrograph shovdng the normal emergence of 
a vegetative c e l l  from the spore coat (SC) of B acillus cereus T 
spores suspended in  tryptone soya broth pH9.0, The outer membrane 
(OM) appears in ta ct and unaffected. The bar marker represents Ip
J
Plate 16a and b. The emergence of vegetative c e l l s  of 
B acillus cereus T from spores suspended in  hen egg white 
pH9.0. The c e lls  appear to have distorted c e l l  membranes 
(cm) and although mesosomes (m) are c learly  v is ib le  most 
of the c e l l s  are unable to leave the spore coat (SC).
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The fa te  o f yeast vege ta tiv e  c e l l s  in hen eg;; uhite
In most cultures of yeast c e l l s  the occurrence o f clumps of c e l l s  
presents a problem which complicates the maki.ng and in terpretation  o f  
to ta l c e l l  counts, v iab le  counts and r e la t iv e  numbers o f budded and 
unbudded c e l l s  (see Pringle and Mor, 1975)« The degree o f clumping 
varies grea tly  both with the stra in  and culture conditions. In most 
cultures one not only sees budded c e l l s  (a forms) and mother plus 
daughter c e l l s  (b forms) but clumps of various s ize s  ranging from 
c - f  (F ig . 35) .  In each b form the mother and daughter are joined  
through a continuous cytoplasm and the two forms can not be pulled  
apart. In contrast a l l  _c and d forms can be ea s ily  separated into  
_a and b forms without damaging the c e l l s  in  any detectable way or 
reducing th eir  v ia b i l i ty .  This separation can be achieved particu larly  
w ell by son ication , the amount of y;hich varies depending upon the 
stra in , power se t t in g , tuning of the instrument e tc . I t  i s  necessary  
before doing v iab le  counts on yeast cu ltures to perform control 
experiments, such as those in  Tables 12-16 , in  the medium to be used 
to determine how much sonication is  su ff ic ie n t  in  a given situ a tio n . 
'..Tiile i t  can be seen that some stra in s  e .g . Debaryomyces hansenii 
and Candida krusei s t i l l  contain clumps even a fter  prolonged sonication  
in  both Y.Z.P.G-, medium and egg w hite, 60 s o f sonication  v/as generally  
su ff ic ie n t  to  elim inate high amounts o f clumping in  both media.
The e ffe c t  o f  hen egg albumen on the grovrth o f yeast vegetative  
c e l l s  (F ig s. 3^”39) was very sim ilar to the e ffe c ts  observed with both 
b a cter ia l vegetative c e l l s  and endospores. The incubation temperature, 
pH and iron a v a ila b ility  a l l  contributed to the general decrease in  
viab le  numbers. However, with the exception of Saccharomyces cerev isiae  
in  albumen (pH 7 .5) (F ig . 38) ,  iron saturation of the w hite's content
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o f  o v o t r a n s f e r r i n  did n o t  load to  growth of the  y e a o t  concerned , 
a l th o u g h  i n  th e  m a jo r i ty  c f  c a se s  i t  did n e t  enhance th e  dea th  o f 
th e  c e l l s .  I n  marked c o n t r a s t  to  b a c t e r i a l  c e l l s  where the  a d d i t io n  
o f  i r o n  overcame any i n h i b i t o r y  e f f e c t s  a t  tem p e ra tu res  and pHs 
w ith in  th e  t o le r a n c e  o f  th e  b a c t e r i a  concerned , th e  dependence upon 
a f r e e l y  a v a i l a b l e  source  o f  i r o n  d id  n o t  seem to  be th e  major 
d e te rm in in g  f a c t o r  i n  th e  case  o f  y e a s t  c e l l s  in  hen egg w h ite .  As 
•jit l i  b a c t e r i a l  v e g e t a t i v e  c e l l s  th e  h ig h e r  pH and in c u b a t io n  
tem p e ra tu re  g e n e r a l ly  in c r e a s e d  th e  d ea th  o f  th e  y e a s t  c e l l s .
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TABLE 1 2
THE EFFECT OF SONICATION ON CLUMPINC OF CELLS OF BRETANOMYCES 





a FORK'S b FORMS
HEN EGC WHITE 
CLUMPS a FORMS b FORMS
0 24 6 70 10 34 56
5 13 16 71 0 45 55
*
10 10 15 75 ND
20 7 44 49 ND
30 2 34 64 ND
* Not Determ ined
TABLE 13
THE EFFECT OF SONICATION ON CLUÎ,ÎPIN& OF CELLS1 OF SACCHAROMYCES CEREVISIAE
IN YEPC MEDIUI4 AND HEN EGG- WHITE.
YEPC MEDIUM HEN ECC WHITE
SONICATION CLUMPS a FORMS b FORMS aUMPS a FORMS b FORMS
TIME (SECS.)
0 17 42 41 86 12 2
5 2 62 36 67 18 15
10 1 68 31 47 26 27
20 1 69 30 24 50 26
30 0 70 30 23 40 37
45 0 70 30 16 46 38
60 0 70 30 12 56 32
TABLE 1 4
THE EFFECT OF SÛNICATION ON CLUMPIN& OF CELLS OF CANDIDA VALIDA 






a FORMS b FORIvîS
HEN EGG WHITE 
CLUMPS a FORMS b FORMS
0 95 1 4 62 9 29
5 79 2 19 19 59 32
10 72 2 21 19 43 38
20 56 3 36 7 67 25
30 55 6 39 0 82 18
45 30 18 52 0 84 16
60 24 24 52 0 85 15
TABLE 15
THE EFFECT OF SONICATION ON CLUMPING OF CELLS OF DEBARYOMYCES
HANSENII IN YEPG MEDIUM AND HEN EGG WHITE
YEPG MEDimi HEN EGG Y.ŒÎITE
SONICATION CLUMPS a FORMS b FORMS CLUIvlPS a FORMS b FORMS
TB!E (SECS.)
0 74 1 15 85 5 10
5 45 9 46 56 16 28
10 48 25 27 38 20 42
20 8 31 61 14 32 54
30 8 41 52 10 47 43
45 7 42 51 10 49 41
60 8 42 50 9 53 38
TABLE 16
THE EFFECT OF SONICATION ON CLUÎ.1PING- OF CELLS OF CANDIDA KRUSEI 






a FORMS b FORMS
HEN EGG WHITE 
CLUl.:PS a FORMS b FORMS
0 4 44 52 85 5 10
5 3 53 44 72 11 17
10 0 63 37 62 10 28
20 0 65 35 56 11 33
30 36 17 47
45 ND 40 33 27
60 ND 40 32 28
120 ID 37 34 29













F ig . The e f fe c t  o f incubation temperature and pH on the fa te
o f Sebaryomyces hansenii in  hen egg w hite, jO°C ( □  , ■  ) ,

















8 1096 752 3 41
HOURS
F ig . 37. The e f f e c t  of incubation temperature (o , • ,  30°Cj □ , ■
39*3 C) on the fa te  o f  Candida va lid a  in  hen egg white (open symbols) 


























P ig . j 8 . The e f f e c t  o f incubation temperature (o , e jO°C; □ , ■ 
39*5^C) and pH on the fa te  of Saccaromyces c e r e v is ia e  in  hen egg 

















F ig . 39* The e f f e c t  o f incubation temperature (o , # 30°C □ , ■ 
39.9^C) and pH on the fa te  of Bretanomycea anomalus in  hen egg 
white (open symbols) and hen egg white saturated with iron  (c lo sed  
symbols) .
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The in f lu e n c e  o f  in cu b a tio n  c o n d it io n s  on the fa t e  o f  
b a c t e r ia l  v e g e ta t iv e  c e l l s  in  hen egg albumen
( i )  P h y s io lo g ic a l  s t a t e  o f  inoculum
M icro-organism s in  hen egg albumen are exposed to  s e v e r a l in im ic a l  
fa c to r s  th e r e fo r e  i t  would seem l i k e l y  th a t  th e  p h y s io lo g ic a l  s t a t e  o f  
the m icro-organism  proceed in g  in o c u la t io n  i s  an im portant fa c to r  to  
co n s id er  a l s o .  M icro-organism s s tr e s s e d  in  any way b e fo re  in o c u la t io n  
would be exp ected  to  have l i t t l e  chance to  su rv iv e  and grow when they  
were a c t u a l ly  p resen t in  th e  albumen. B a cter ia  may be s tr e s s e d  in  a 
number o f  ways such as  growth under h ig h ly  a c id ic  or b a s ic  c o n d it io n s ,  
c u ltu r e s  in  la t e  e x p o n e n tia l phase or growth a t  su b -op tim al tem peratures  
and n u tr ie n t  l e v e l s .  The e f f e c t  o f inoculum  age (F ig . 4 0 ) and inoculum  
growth medium (F ig .  41) were examined fo r  c e l l s  o f  E. c o l i  C20 in o cu la te d  
in to  hen egg albumen. In  the case  o f  th e  form er, th ere  was no 
a p p rec ia b le  d if fe r e n c e  betw een a young c u ltu r e  (2 .3 h )  and a c u ltu r e  w e ll  
in to  ex p o n e n tia l phase ( l8 h )  when th ese  c e l l s  were in o c u la te d  in to  
albumen, w ith  th e  l a t t e r ,  c e l l s  were grown ( l8 h )  in  n u tr ie n t  broth  or  
'p la t e  count b roth ' b e fo r e  in o c u la t io n  in t o  albumen. P la te  count 'b ro th ' 
i s  a medium n u t r i t io n a l ly  s im ila r  to  n u tr ie n t  broth  but w ith  added 
g lu co se  so th a t  c e l l s  grown in  t h i s  medium should have a l l  th e  enzymes 
n ecessa ry  fo r  th e  u t i l i z a t i o n  o f  g lu c o se  'sw itch ed  on' b e fo re  in o c u la t io n  
in to  albumen. A lthough th e album en's co n ten t o f  fr e e  carbohydrate i s  
alm ost e n t ir e ly  ($8^) g lu c o se , c e l l s  grown in  t h is  medium did not 
appear to  have any advantage over th o se  grown in  n u tr ie n t  b ro th . In  
p r a c t ic e ,  the former were k i l l e d  f a s t e r  than th o se  in  the g lu co se -p o o r  
medium.
( i i )  C ond ition s o f  enum eration
I f ,  as i s  to  be exp ected  from the rev iew s by M ossel and Corry 
( 1977) and Beuchat (1 9 7 8 ) , th a t  th e  degree o f  in ju ry  among p op u la tion s
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o f  damaged c e l l s  v a r ie s  c o n s id e r a b ly , i t  i s  e s s e n t ia l  th a t enum eration  
methods do n o t cause fu r th e r  s t r e s s  to  s u b le th a lly  damaged c e l l s .  I t  
i s  n e c essa ry , th e r e fo r e , to  p rov id e th e  su rv iv o rs  o f  a s tr e s s e d  
p o p u la tio n  (b o th  le t h a l ly  and s u b le th a lly  damaged) w ith  optiirium 
c o n d it io n s  f o r  recovery  and grow th. These c o n d itio n s  may be provided  
by, fo r  exam ple, growth on sim ple (m inim al) medium or complex medium, 
lo n g er  p er io d s  o f  in cu b a tio n  o r  low er tem peratures o f  in c u b a tio n .
B a cter ia  in o c u la te d  in  egg albumen can be exp ected  to  be exposed to  
many s t r e s s f u l  f a c to r s  and th e  ta sk  o f  f in d in g  optimum c o n d it io n s  fo r  
r e s u s c ita t in g  damaged c e l l s  would not be an easy  one. In  t h is  study  
the e f f e c t  o f  d ilu e n t  (T ab le 1 7 ) ,  p la t in g  medium (T able 1 8 ) and 
tem perature o f  in cu b a tio n  (T ab le 19) on th e  recovery o f  b a c te r ia  from 
hen egg w hite was examined. A lso  in c lu d ed  in  th e se  r e s u l t s  are  o th ers  
ob ta in ed  when two d if f e r e n t  methods o f  hom ogenisation  were used in  th e  
p rep ara tion  o f  s e r ia l  d i lu t io n s  (T able 2 0 ) . Of th e fa c to r s  examined 
o n ly  th e m ixing o f  th e albumen and d ilu e n t  had an ap p rec ia b le  in f lu e n c e  
on the enum eration o f  v ia b le  c e l l s  from th e  albumen. T his was probably  
not due to  a chem ical fa c to r  but ra th er  th e  v isc o u s  nature o f  egg  
albumen which prevented  a random d is t r ib u t io n  o f  the organism s p resen t  
(K ilsb y  and Pugh, l 9 8 l ) .  As th e  trend  o f  r e s u l t s  and the o v e r a l l  
r e s u lt  were th e  same u s in g  both  methods o f  hom ogenisation , method B 
(T able 20) was d iscard ed  in  favour o f  th e  l e s s  tim e consuming method A,
( i i i )  In cu b ation  tem perature
The f a t e  o f  G ram -negative b a c te r ia  in  hen egg w hite was markedly 
a f fe c te d  by in cu b a tio n  tem perature (F ig .  4 2 ) .  Temperatures o f  25 
and 30°C r e s u lte d  i n i t i a l l y  in  b a c t e r io s t a s is  o f  Gram-negative b a c te r ia  
in  albumen unsupplemented w ith  ir o n . Growth sometimes occurred  a f t e r  
a fev/ days o f  in c u b a tio n . Hen egg w h ite  changed from b ein g  b a c t e r io s t a t ic
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to  b a c t e r i c i d a l  a t  h ig h e r  tem p e ra tu res ,  th e  g r e a te s t  e f f e c t  
o c c u r r in g  a t  o r  above i . e .  a t  o r  around the body tem peratu re
o f  th e  hen . Indeed a t  44^C th e  a lbum en 's  e f f e c t  on Gram -negative 
b a c t e r i a  c lo s e ly  resem bled  i t s  a c t i o n  on Gram -positive  b a c t e r i a  a t  
lower te m p e ra tu re s .  Moreover, a t  44^0 th e  a d d i t io n  o f  casamino a c id s  
o r i r o n  s u f f i c i e n t  to  s a t u r a t e  th e  o v o t r a n s f e r r in  had no a p p re c ia b le  
in f lu e n c e  ( F ig .  43)•
An i n t e r p r e t a t i o n  t h a t  the  cu rves  ob ta in ed  a t  th e  h ig h  tem pera tu res  
r e s u l t e d  from 'shocking* due to  t r a n s f e r  o f  c u l tu r e s  grown on a r i c h  
medium to  th e  minimal c o n d i t io n s  e x i s t i n g  in  egg albumen was d iscoun ted  
by th e  r e s u l t s  g iven  in  F ig .  44 . A d ea th  phase s im i la r  to  t h a t  no ted  
i n  F ig .  41 occu rred  i n  in o c u la te d  albumen th a t  was incu b a ted  f o r  I2h
a t  25°C b e fo re  t r a n s f e r  to  37 and 39.5°C.
( iv )  Hydrogen io n  c o n c e n t ra t io n
The pH of hen egg w hite  de term ined the behav iour o f  Gram-negative 
b a c t e r i a  i n  th e  same. Egg w hite  was markedly b a c t e r i c i d a l  a t  pH 8 .3  -  
9 .3  whereas a t  pH 8 .0  o r  l e s s  the  r a t e  o f  death  v/as d im in ished . Indeed 
i n  many cases  b a c t e r i o s t a s i s  was ev id en t  (F ig s .  43 and 4 o ) . An 
a lk a l in e  r e a c t io n  had a n o ta b le  e f f e c t  on the  growth of th e  m icro­
organisms even when i r o n  was p re s e n t  in  amount s u f f i c i e n t  to  s a tu r a te  
the  c o n te n t  o f  o v o t r a n s f e r r in .  A lag  phase was observed w ith  both  E. 
c o l i  0141 and E. c o l i  0 1 1 1  a t  pH 9 .0  compared w ith  immediate growth
a t  pH 7 .2 ,  fu r therm ore  the  f i n a l  p o p u la t io n  in  each case  was lower a t
the  h ig h e r  pH.
I n  an a t te m p t  to  mimic tlie e f f e c t s  observed w ith  egg w hite  o f  
d i f f e r e n t  pH v a lu e s ,  E. c o l i  0141 was in o c u la te d  in to  a n u t r i t i o n a l l y  
simple medium (K9) b u f f e re d  a t  d i f f e r e n t  va lu es  over th e  range pH 7 -  9 . 
In  one s e r i e s  o f  experim ents  the  medium was rendered  i r o n - d e f i c i e n t  by
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e x tr a c t io n  w ith  8 -  h y d ro x y g u in o lin e . I t  i s  e v id e n t from th e r e s u l t s  
p resen ted  in  F ig s ,  47 and 48 th a t  th ere  was a sm all in te r a c t io n  betw een  
pH and th e  ir o n  co n ten t o f  th e d efin ed  medium. The in c r e a se  in  pH 
a lo n e  r e s u lte d  in  a d ecrease  in  th e  o v e r a l l  growth o f  the m icro­
organism  b u t t h i s  trend  was a ccen tu a ted  by d e p le t in g  th e ir o n  co n ten t  
o f  th e  medium. T his caused a p ro tra c ted  la g  phase and a d ecrease  in  
th e  f i n a l  p o p u la tio n  as measured by a low er absorbance. A lthough  
l i t t l e  growth occurred  in  ir o n - d e f ic ie n t  medium (P ig . 48) having  
a lk a lin e  pH v a lu e s ,  the medium d id  not g iv e  r e s u l t s  d ir e c t ly  comparable 
w ith  th ose  ob ta in ed  w ith  egg w h ite . These o b serv a tio n s  may be taken  as  
ev id en ce  th a t  f a c to r s  o th er  than pH and ir o n  d e f ic ie n c y  are c o n tr ib u t in g  
to  the a n t im ic r o b ia l p r o p e r tie s  o f  egg w h ite  but such a co n c lu s io n  
would be premature because o f  the la c k  o f  d ir e c t  ev id en ce th a t  th e  
m inim al medium g r e a t ly  resem bled egg w h ite . N ev erth e less  the i n t e r ­
r e la t io n s h ip  o f  in cu b a tio n  tem perature, pH and ir o n  s ta tu s  in  th e  
a n t ib a c te r ia l  a c t io n  o f  hen egg albumen ( F ig s .  49 and 30) does d ir e c t  
a t t e n t io n  a t  p rev iou s work. Through g iv in g  emphasis to  one fa c to r  o n ly  
most workers succeeded  in  o v e r -s im p lify in g  th e  a n tim ic r o b ia l a c t io n  
o f  egg albumen.
The r e la t io n s h ip  between in cu b a tio n  tem perature and th e ir o n  
co n ten t o f th e  growth medium has been commented upon by G arib a ld i 
(1971 ; 1972) who su ggested  th a t  th e  s y n th e s is  o f  m icr o b ia l ir o n -  
tra n sp o r t compounds ( s id erop h ores) se c r e te d  in  response to  low ir o n  
co n c e n tr a tio n s  was a f fe c te d  a t  h ig h er  growth tem peratures, a phenomenon 
th a t  has a ls o  been  observed w ith  b a c te r ia  in  mammalian sera  (Kochan, 1 9 7 7 ).
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TABLE 17
THE EFFECT OF DIFFERENT DILUENTS ON THE VIABLE COUNT’S OBTAINED
FROM HEN EGG- WHITE AT 39.5°C INOCULATED WITH ESCHERICHIA COLI C20
V iab le Counts /  ml albumen *
Time(h) R ingers B u ffer D i s t i l l e d  Water 0 . 65^  NaCl
0 1.53  X 10? 1 .94  X  1 0 ? 1 . 6 5  X 1 0 ^
1 4 . 1 0  X 1 0 ^ 5.85  X 1 0 ^ 3 . 1 6  X 1 0 ^
2 6.39  X 1 0 ^ 2 . 9 2  X 1 0 ^ 5.78  X 10^
3 3 .27  X 1 0 ^ 5.23  X 1 0 ^ 1 .4 4  X 10^
4 2 . 6 i  X 1 0 ^ 2.93  X 1 0 ^ 1 . 6 7  X 1 0 ^
5 1.53  X 1 0 ^ 3.56  X 10^ 3 . 6 6  X 1 0^
6 5.31 X  1 0 ^ 2 . 1 5  X 1 0 ^ 3 . 1 0  X 1 0 ^
7 2 . 6  X 1 0 ^ 1 . 3  X 1 0 ^ 1 . 9 5  X 1 0 ^
♦Mean count from 2 x 8  r e p l ic a t e s  on n u tr ie n t  agar
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TABLE 18
THE EFFECT OF FOUR DIFFERENT TYPES OF MEDIA ON THE VIABLE COUNTS
OBTAII'IED FROM HEN EGG WHITE AT 39.5°C INOCULATED WITH ESCHERICHIA
COLI C20
Time (h) N u tr ien t Agar
V iab le counts /  ml albumen *





0 1 . 3  X 1 0 ^ 1 . 2  X 1 0 ^ 1 . 3 5  X  1 0 ^ 1 . 3  X  1 0 ^
1 . 0 1 . 3  X 1 0 ^ 1 . 3 5  X 10^ 1 . 3 x 1 0 ^ 1 . 4  X 1 0 ^
2.5 2 . 6 5  X 1 0 ^ 2.5  X 1 0 ^ 2.55  X 1 0 ^ 2.35  X 1 0 ^
5.0 5 . 0  X 1 0 ^ 5 . 5  X 1 0 ^ 8 .5  X 10^^ 5 . 0  X 1 0 ^
7 .0 5 . 0 5  X  1 0 ^ 3 . 0  X 10^ 6 . 0  X 1 0 ^ 9 . 8  X  1 0 ^
9.0 2.45  X 1 0 ^ 2 . 0  X  1 0 ^ 2.1 X 10^ 2.1 X 10^
1 0 . 0 1 . 0  X  1 0 ^ 1 . 0  X  1 0 ^ 1.2  X 10^ 1.1 X 10^
♦ Mean counts from 2 x 8  r e p l ic a t e s
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TABLE 19
THE EFFECT OF INCUBATION TEMPERATURE ON VIABLE COUNTS OBTAINED
FROM HEN EGG WHITE AT 39.5°C INOCULATED V/ITH ESCHERICHIA COLI C20
V iab le cou n ts /  ml albumen *
Time (h ) P la te s  in cu b ated  a t  
37°C fo r  48h
P la te s  in cu b ated  a t  
23^0 fo r  24h then  a t  
37°C fo r  24h
A B A B
0 1 .76 X 10^ 1 .70 X 10^ 1 .76 X 10^ 1 .70  X 10^
1 1 .2 5 X i c f 5 .6 3  X 1 0 ^ 1 .3 5  X  1 0 ^ 5 .0  X 10^
2 .5 2 .4 5 X 10^ 1 .9 7  X  1 0 ^ 1 .8 8  X 10^ 1 .32  X 10^
4 .0 7 .5 0
2
X 10 1.21 X 10^ 8 .5 0  X 10^ 1 .32  X 10^
5 .5 1 .36
2
X 10^ 2 .3 0  X 1 0 ^ 1 .25  X  10^ 1 .6 7  X 10^
7 .0 1 .00
2
X 10 1 .5 0  X 10^ 0 .5 0  X 1 0 ^ 3 .0 0  X 10^
9 .5 —
♦ Mean co u n ts  frcm 2 x 8  r e p l ic a t e s  on n u tr ie n t  agar
A and B are duplicate samples
TABLE 20
THE EFFECT OF DIFFERENT METHODS OF HOMOGENISATION ON VIABLE COUI'JTS




V iable counts /  ml albumen *
30°C 39.5°C
A B A B
0 1 .3 9 X 10^ 1 .4 2 X 10^ 1.41 X 10^ 1 .4 0 X 10^
1 .5 5 .9 2 X 10^ 5 .1 0 X 1 .3 8 X 10^ 4 .7 7 X 105
3 6 .0 8 X 10^ 4 .9 5 X io 5 2 .8 l X 10^ 4.11 X
5 5 .9 2 X 10^ 4 .8 6 X 3 .4 6 X 10^ 2.91 X lo'^
8 4 .6 2 X 10^ 4 .7 2 X 105 1 .70 X 10^ 8 .2  ;% 1
10 5 .0 5 X 105 4 .9 5 X 105 2 .6 5 X 10^ 4 .2 2 X 105
♦ Mean count from 2 x 8  r e p lic a te s
A. 1ml albumen added to  9nil R ingers b u ffer  and homogenised as in  
M aterials and Methods,
B, im l albumen added to  9^1 R ingers b u ffer  and homogenised using  













F ig . 4 0 . The in flu e n c e  o f inoculum age on the death of E sch erich ia













F ig , 41• The in f lu en ce  o f inoculum growth medium on the death o f 
F sch er ich ia  c o l i  C20 in  hen egg w hite a t o, p la te  count















F ig , 4 2 . The e f f e c t  o f  in cu b a tio n  temperature on the fa te  o f  
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F ig , 43» The e f f e c t  o f  lmgml  ̂ casamino acids ( □ , ■ ) and iron  
saturation  ( , À ) on the fa te  o f E scherichia c o l i  C363O in  hen
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F ig . Vf, The e f fe c t  of incubation temperature on the fa te  o f  
E scherich ia c o l i  C365O in  hen egg white a f te r  holding the inoculated












P ig . 4 3 . The e f fe c t  of egg w hite pH on the fa te  o f E scherichia  
c o l i  0141 in  hen egg w hite (open symbols) and iron saturated egg 























F ig . 4-6. The e f fe c t  o f egg white pH on the fa te  o f E scherichia  
c o l i  0111 in  hen egg white (open symbols) and iron saturated egg 
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F ig , 47* The e f f e c t  o f  pH on th e growth o f  E sch erich ia  c o l i  0141 
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P ig . 4 8 . The e f f e c t  o f pH on the growth o f  E sch er ich ia  c o l i  0141
in  d e iro n ised  M9 minimal medium. The ir o n  co n cen tra tion  was 
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When ir o n  i s  p resen t a t co n c e n tr a tio n s  too low to  s a t i s f y  th e  
lo w - a f f in i t y  membrane-bound ir o n  tra n sp o rt system  in  E sch er ich ia  
c o l i  t h i s  m icro-organ ism , to g e th e r  w ith  o th er  members o f  th e  
E n tero b a c ter ia cea e , may sy n th e s iz e  and s e c r e te  s id erop h ores  which  
s o lu b i l i z e  exogenous ir o n  th ereb y  making i t  a v a ila b le  f o r  tra n sp o r t  
in to  th e  c e l l .  The most th orough ly  s tu d ied  c a te c h o l siderophore i s  
e n te r o b a c tin , a c y c l i c  trim er o f  2 ,^ -d ih y d ro x y b en zo y lse r in e . T h is  
m olecu le  may be hyd ro lysed  by th e enzyme en te r o b a c tin  e s te r a s e  in to  
i t s  c o n s t itu e n t  monomer m olecu les  in c lu d in g  2 , 3-d ih y d ro x y b en zo y lser in e  
and 2 ,3 -d ih y d ro x y b en zo ic  a c id . The b io s y n th e t ic  pathway le a d in g  to  
th e  form ation  o f  th e  l a t t e r  named compound has been w e ll  stu d ied  u s in g  
m utants o f  E. c o l i  d e fe c t iv e  in  i t s  s y n th e s is .  The pathway i s  known 
to  a r i s e  from ch orism ate the major branch compound in  arom atic amino 
a c id  b io s y n th e s is ,
( i )  C a te c h o l- lik e  compounds
The d eterm in a tio n  o f  e n te r o b a c tin  i s  dependant upon i t s  e x tr a c t io n  
and p u r if ic a t io n  in to  organ ic  s o lv e n t s .  Because o f  the d i f f i c u l t y  
encountered  when tr y in g  to  i s o l a t e  t h i s  compound from egg albumen 
an a ssa y  o f  one o f  i t s  monomer c o n s t itu e n t  m olecu les 2 , 3-d ih yd roxyb en zo ic  
a c id  was done.
Although E, c o l i  0141 formed sm all p op u la tio n s in  ir o n -e x tr a c te d  
M9 minimal medium th e  l e v e l  o f  growth e x h ib ite d  by th o se  grown in  ir o n -  
s u f f i c i e n t  M9 medium (F ig ,  3 l ) •  The c e l l s  in  th e  form er e x h ib ite d  a 
lo n g e r  la g  p er io d  than  th o se  in  th e  i r o n - s u f f i c i e n t  medium. The 
p ro tra c ted  la g  phase was a ls o  a s s o c ia te d  w ith  th e  production  o f  
e x t r a c e l lu la r  c a t e c h o l - l ik e  compounds. The p rod u ction  o f  c a te c h o ls  
by th e i r o n - s u f f i c i e n t  c e l l s  was below  d e te c ta b le  l e v e l s  ( < 1pg DHBA
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e q u iv a le n ts  /  m l) , C atech o ls were n o t d e tec ted  in  in o c u la te d  
albumen w ith  or w ith ou t th e a d d it io n  o f  ir o n  (F ig .  5 2 ) .
( i i )  E n tero b a ctin
The a d d itio n  o f  en tero b a ctin , p u r if ied  from E scherich ia  c o l i  
AN263, supported the growth o f  E, c o l i  0141 in  hen egg albumen a t  
pH 7 .9  (F ig . 53) but not a t pH 9 .4  (F ig . 5 4 ) . Although growth occurred, 
i t  was not comparable to th a t achieved in  previous r e s u lt s  obtained  
when iron  was p resen t a t con cen tration s needed to  saturate  the 
o v o tra n sferr in . There was no growth a t e ith e r  inoculum le v e l  in  the  
absence o f  en terob actin .
( i i i )  E n tero b a ctin  h y d r o ly s is
Non-enz}-matic h y d r o ly s is  o f e n tero b a c tin  may occur under c o n d itio n s  
o f  h igh  a c id i t y  or a l k a l i n i t y .  A fte r  1h in  Tris-HCl b u ffe r  pH 7 .0  
en tero b a c tin  y i e ld s  two minor breakdown products (A and B ; p la te  17) 
which can be id e n t i f i e d  by tw o-d im en sional chromatography. The 
v a lu e s  (T ab le  21) o f  th e s e  products do n ot resem ble th o se  o f  normal 
enzym atic breakdown products from en te r o b a c tin  h y d r o ly s is .  In cu b ation  
o f  e n te r o b a c tin  in  Tris-HCl pH 9 .0  y ie ld s  two a d d it io n a l products  
(p la t e  18 ) w ith  R  ̂ v a lu e s  (T able 21 ) corresponding to  2 , 3-d ih y d ro zy -  
b e n z o y lse r in e  and 2 , 3 -d ih yd roxyb en zo ic  a c id .  The chromatography o f  
e n te r o b a c tin  a t  t h is  pH i s  n o ta b le  f o r  th e absence o f any rem aining  
e n te r o b a c tin .
( iv )  2 . 3-Dihydroxr/benzoic ac id
The breakdown products o f  e n te r o b a c tin  h y d r o ly s is  have a l im ite d  
ca p a c ity  to  tra n sp o r t ir o n  in t o  the v e g e ta t iv e  b a c te r ia l  c e l l .  2 , 3 -  
dihydroxybenzoic a c id  has been  shown to  be the s im p lest arom atic  
c o n s t itu e n t  o f  e n te r o b a c tin  capab le o f  perform ing t h is  fu n c t io n . The
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a d d it io n  o f  a com m ercia lly  a v a ila b le  p rep ara tion  o f  2 ,3 -d ih y d ro x y b en zo ic  
a c id  had no e f f e c t  on c e l l s  o f  E, c o l i  C365O in  hen egg albumen a t  3 O 
o f  39*3°C (F ig ,  53 ) '  The a d d it io n  o f  casamino a c id s  to  hen egg albumen 
in  order to  supplem ent th e  amount o f  f r e e  n itro g en  a v a ila b le  to  m icro­
organism s a ls o  had no e f f e c t  when added to g e th er  w ith  2 ,3 -d ih y d ro x y b en zo ic  
a c id .
The absence o f  ir o n -s e q u e s te r in g  m olecu les in  egg w hite in o c u la te d  
w ith  E, c o l i  0141 and th e  h y d r o ly s is  o f  th e se  c a te c h o l- l ik e  compounds 
a t h igh  pH would tend  to  su g g est th a t  ir o n  d e p r iv a tio n  may be a major 
co n tr ib u to ry  fa c to r  to  th e  i n a b i l i t y  o f  b a c te r ia  to  su rv iv e  in  egg  
albumen. Indeed th e growth o f  t h i s  m icro-organism  in  albumen a t  pH 
7 .9  supplemented w ith  e n te r o b a c tin  supports t h i s  co n ten tio n , in d ic a t in g  
th a t  a lthough  E. c o l i  0141 can n ot s e c r e te  i t s  own siderophore i t  can  












F ig . 3 l • The growth o f E sch erich ia  c o l i  0141 in  iron  s u f f i c ie n t  
( 2 .3  pgml ^) M3 minimal medium (c lo s e d  symbols) and iron  d e f ic ie n t  
( 0 , 0 3  pgml M3 minimal medium a t 37^C w ith  corresponding ca tec h o l 
































2  10 CQ
HOURS
F ig . 32 . The fa te  o f E scherich ia c o l i  0141 hen egg white 
(open symbols) and iron  saturated hen egg white (c lo sed  symbols) 
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F ig . 53» The e f f e c t  o f  adding p u rified  enterobactin  
on the fa te  o f Escherichia co11 0141 in  hen egg white a t pH7.9 
and 39 .3°C, o  albumen alone # albumen plus enterobactin  and 








F ig , 54* The e f fe c t  o f adding p u rified  enterobactin  (lOmgml ^) 
on the fa te  o f Escherichia c o l i  0141 in  egg white at pH9.4 and 
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HOURS
F ig . 35» The e f f e c t  o f  a com m ercially a v a ila b le  p rep aration  o f
2 , 3 -d ihydroxybenzoic a c id  w ith  ( A , A ) or  w ith ou t ( □  , ■  ) 
casamino a c id s  (iragml on the e f f e c t  o f  E sch er ich ia  c o l i  C363O 
in  hen egg w hite a t  30°C (open symbols) and 3 9 . 3° C (c lo s e d  sym bols), 
o, •  albumen a lo n e .
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TABLE 21
R f VALUES FOR THE COMPQNElffS OF ENTEROBACTIN HYDROLYSIS 
ISOLATED BY THIN LAYER CHROI.iATOGRAPHY.
Component R f in  f i r s t Component Rf in  second
s o lv e n t  * so lv e n t  *
pH o f
H y d ro ly sis A B Ent DBA DBS A B Ent DBA DBS
7 .0 0 .3 7  0 .4 3  0 .4 3  - - 0 .6 9  0 .4 3  0 .0 4  -
9 .0 0 .3 3  0 .3 6  -  0.71 0 .7 4 0 .9 0  0 .7 4  -  0.71 0 .0 0 8
* F ir s t  so lv e n t  system  = B en zen e-A cetate-w ater
** Second s o lv e n t  system  = Ammonium format e -Formic A cid
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Ent B
P la te  1 7 , T w o-dim ensional chromatogram showing non-enzym atic  
breakdown o f  p u r if ie d  en tero b a c tin  ( s e e  t e x t )  a t pH7.0 y ie ld in g  
two breakdown products (A and B ). A b b rev ia tion  :E n t,e n ter o b a c tin ,
P la te  1 8 , Tw o-dim ensional chromatogram showing non-enzym atic  
breakdown o f  p u r if ie d  e n te r o b a c tin  ( s e e  t e x t )  a t  pH9.0 y ie ld in g
2 , 3-d ih y d ro x y b en zo y lser in e  (DBS) and 2 ,3 -d ih y d ro x y b en zo ic  a c id  
(DBA) in  a d d it io n  to  A and B.
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A C01.ÎPAHATIVE STUDY OF AVIAH EGG ALBU1.1EN
As f a r  a s  can be a sc e r ta in e d , l i t t l e  work has been done on the  
a n tim ic r o b ia l d efen ce o f  albumen oth er than th a t  o f  th e  hen* s egg.
The op p o rtu n ity  was taken to  study the growth o f  E, c o l i  in  albumen 
from v ariou s w aterfow l e g g s . The sp e c ie s  in c lu d ed  in  t h i s  stud y  are 
l i s t e d  in  T ab les 22 and 2 3 . As the eggs came from Slirabridge W ildfow l 
T rust and a d e ta i le d  h is to r y  was n ot a v a ila b le  they  were examined fo r  
m icr o b ia l con tam in ation , ir o n  co n ten t and pH o f  the albumen. The 
r e s u l t s  are summarized in  T ables 22 and 23 . A lthough a broad spectrum  
o f  ir o n  c o n cen tra tio n s  was found i t  was notew orthy th a t  th ere  was no 
apparent c o r r e la t io n  between the presence o f b a c te r ia  and th e album en's 
ir o n  c o n te n t . For exam ple, B lack-headed duck albumen which had a very  
high  iro n  c o n ten t was s t e r i l e  (T ab le 23) whereas Puna T ea l albumen 
v/as contam inated w ith ou t any d e te c ta b le  ir o n  (T ab le 2 2 ) .  Of the  
contam inated w h ite s  s e v e r a l con ta in ed  b a c te r ia  which gave c o lo n ie s  
surrounded by pigment which had d if fu se d  in to  th e p la te  count agar . 
These c o lo n ie s  con ta in ed  t in y  Gram-negative rod-shaped b a c te r ia  and 
were probably members o f  the Pseudomonad genus. I t  was a ls o  n o tab le  
th a t  w ith  th e  e x c e p tio n  o f  th e  Black-headed duck a l l  th e  s t e r i l e  w h ites  
had a pH o f  not l e s s  than 9 .1 .
The e f f e c t  o f  egg albumen on th e  growth o f  m icro-organism s i s  not 
r e s t r ic t e d  to  b ir d s  o f  th e  dom esticated  v a r ie ty  e s p e c ia l ly  the dom estic  
fo w l. S ev era l o f  th e  s t e r i l e  egg w h ites in  T able 23 were t e s t e d  fo r  
th e ir  a b i l i t y  to  in h ib i t  the growth o f  E. c o l i  0141 a t  39.3°C  (F ig s .
36 and 37) .  The i n i t i a l  pH v a lu e s  ranged from 9.1 -  9 .3  hence the 
v a r ia t io n  th a t  occurred  between th e  d if f e r e n t  w h ite s , say f o r  example 
A le u tia n  Canada Goose and hen, can not be ex p la in ed  on th e  b a s is  o f  
d if f e r e n t  pH v a lu e s . As so l i t t l e  m a ter ia l was a v a ila b le  fo r  study
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i t  was not p o s s ib le  to  t i t r a t e  th e  albumen o f w aterfow l eggs to  
e s t a b l is h  th e  amount o f  req u ired  to  sa tu r a te  th e  o v o tr a n s fe r r in
p r e s e n t , a component common to  a l l  eggs ( S ib le y ,  196O ; 1 9 7 0 ). As 
th e a v a ila b le  ev id en ce  would su g g est  th a t hens egg albumen c o n ta in s  
a r e l a t i v e l y  h igh  co n cen tra tio n  o f  o v o tr a n s fe r r in  compared to  most 
o th er  w h ite s , ap art from some s p e c ie s  o f  pheasant and q u a il  (Osuga 
and F eeney, 1974 ; C lark , 19&3 > see  F ig s .  17 and 18) the same
amount o f  ir o n  needed to  sa tu r a te  hen o v o tr a n s fe r r in  was added to  
w aterfow l albumen which was in cu b ated  a t  3 9 .5°C . In  a l l  c a se s  the  
a d d it io n  o f  ir o n  was s u f f i c i e n t  to  overcome th e in h ib i t io n  ach ieved  
by th e  u n trea ted  albumen ( F ig .  5 7 )•
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TABLE 22










b ro th  p la te  
25 30 37°C 25 30 37°C
iron
concen­
tra t io n
()igml)
European
goldeneye 26d 1 6.5 44* 3.0
Mandarin
duck 29d 6 9 .4 ++ +♦ ♦♦ +4  ̂ +4* 44 ( - )
European
shelduck 21 d 3 9.3 ♦ 4 4 4* 4* 4* 1.6
Smew I9d 7 7 .0 6.3
Puna Teal I7d 2 7.9 <-)
G reater Snow 
Goose 27d 3 6 .4 ( - )
Bewick Swan 22d 2 8.6 2.1
Chinese
s p o tb i l l 59d 2 9.0 ( - )
■f Moderate contam ination 
++ Gross contam ination 
* Pigment produced in  the  medium 
( - )  Value below the le v e l o f d e te c tio n  i . e .  < 0.05 pgml-1
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TABLE 23
THE pH Aim IRON CONCENTRATION OF A RANGE OF STERILE AVIAN EGG WHITES
A vian
sp e c ie s
Approx age 
o f  eggs used





cone e n tr a t io n  
(pgml
Barrow Goldeneye 21 d 2 9.1 2 .4
Comb Duck 21 d 8 ND 1 .3
B lack-headed Duck 24d 1 7 .8 1 0 .2
W h ite-faced  W h istlin g  
Duck 34d 4 9 .3 3 .3
South American Ruddy 
Duck I9d 2 9 .2 2 .4
North American Ruddy 
Duck 27d 2 9 .2 1 .3
P a c i f ic  W hite F ront 29d 1 9 .3 4 .2
Smew 21 d 2 9 .2 ( - )
R inged T ea l 21 d 6 9 .3 1 .0
Puna T ea l 22d 2 9 .3 ( - )
Emperor Goose ? 1 9 .3 ( - )
R ed -b reasted  goose 21 d 1 ND ( - )
B arnacle Goose 28d 2 9 .2 1 .0
A le u tia n  Canada Goose 27d 3 9 .2 2 .3
B lack-necked Swan 27d 3 9 .3 ( - )
Y(hit e -w inged Wood Duck 54d 1 ND 5 .6
D om estic Fowl 12d 6 9.1 1 .0
D om estic Turkey lOd 6 9 .0 ( - )
ND Value n ot determ ined
( - )  V alue below  l e v e l  o f  d e te c t io n  i . e .  < 0 .0 5  pgml"^
iSSSy
Barnacle q oosj]
South American ruddy duck
Jslorth American ruddy duck
^una TeaL 
P acific  white front!
iBIack-necked sw a a
ileutjan Conodi )sei
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E.coli 0141 viable count/m l 
10  ̂ 10  ̂ 10  ̂  10 NR
F ig . 5 6 . The f a t e  o f  E sch er ich ia  c o l i  014-1 in  a range o f  a v ian  
egg w h ites incubated  a t 39 »5°C fo r  I 2h .
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E coli 0141 viable c o u n t / ml 
10 °̂ 10  ̂ 10® .10  ̂ 10 10- 10'
Turke
South American ruddy duck





Aleutian Canada g o o s^
F ig . 37 . The growth o f  E sch erich ia  c o l i  Oi4l in  ' i r o n - sa tu rate d ’
avian egg w hites incubated a t 39«3 C for  l2 h .
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DISCUSSION
Of a number o f  tr a c e  e lem en ts req u ired  fo r  m ic r o b ia l growth, 
th e a v a ila b le  ev id en ce  su g g ests  th a t ir o n  i s  th e  most im portant 
(W einberg, 1966) ,  The c o n cen tra tio n  o f  ir o n  needed f o r  growth o f  
th e commonly s tu d ie d  b a c te r ia  i s  g e n e r a lly  betw een 0 . 3- 4 . 0  pM 
(W einberg, 1 9 7 1 ). As standard la b o ra to ry  media such as  n u tr ie n t  
broth  or tryp ton e soya broth  co n ta in  approxim ately  4 . 0- 7 .0  pM ir o n  
(W einberg, I 9 7 l ) j  th ey  do not need to be supplem ented in  order to  
support growth. N ev e r th e le ss  a l l  l i v in g  system s are  fa ced  w ith  the  
problems th a t a t n e u tr a l pH and atm ospheric te n s io n s  F e ( l l )  w i l l  be 
o x id is e d  by m olecu lar 0^ to  the F e ( l l l )  s t a t e .  F e ( l l l )  i s ,  in  tu rn , 
r e a d ily  h yd rolysed  to  form in s o lu b le  F e ( l l l )  hydroxide com plexes in  
which ir o n  i s  b io lo g i c a l l y  u n a v a ila b le .
The eq u ation  used to d e sc r ib e  the h y d r o ly s is  o f  F e ( l l l )  :
F e ( l l l )  + 3(0H)" ________ ^ Fe(OH)j (LogK^^ y 38)
i s  a g ro ss  over s im p l i f ic a t io n .  A compound o f  th e  com p osition  Fe(OH)^ 
has never been i s o la t e d .  The a c tu a l h y d r o ly s is  o f  F e ( l l l )  appears 
to proceed by a s e r ie s  o f  d is c r e te  s te p s  each being an eq u ilib riu m  
p rocess  in v o lv in g  d e p r o to n isa tio n  and /or con d en sa tion . The fo llo w in g  
r e a c t io n s  have been  id e n t i f i e d  :
X-----
____ \ Fe(H20)^ ( 0H)2+ + H"̂
Pe(H2 0 )^ (0H)2+ ____ 1 FeCHgO)^  ̂ (OH)*
Fe(H20)^ (0H)* Pe2(H20) g ( 0H)2+ +
Subsequent s tep s would lea d  to  th e form ation o f  h igh  m olecu lar
w eight products such as  th e  sp h e r ic a l polym ers d escr ib ed  by Spiro and
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Saltm an ( 1969) .  Thus organism s dependent on 0^ have evo lved  s p e c i f i c  
m olecu les f o r  th e  scaven g in g , tran sp ort and sto ra g e  o f  ir o n  in  a 
u t i l i s a b l e  form . For exam ple, th e  s y n th e s is  o f  s id erop h ores by m icro­
organism s i s  w e l l  documented. These compounds, u s u a lly  s im p le , low  
m olecu lar  w eigh t p h en o la tes  or hydroxam ates, f a c i l i t a t e  s o lu b i l i z a t io n  
and tra n sp o r t o f  the m eta l in to  th e c e l l  from the surrounding medium.
In  v e r te b r a te s  more complex s tr u c tu r e s  have evolved  such as the f e r r i t i n s  
and tr a n s fe r r in s  which a re  in v o lv e d  r e s p e c t iv e ly  in  the sto ra g e  and 
tra n sp o r t o f  iro n  (H arrison  ^  , 1977 î Zschocke and B eskorovainy,
1 9 7 4 ) .
The t o t a l  amount o f  ir o n  presen t in  b io lo g ic a l  f lu id s  such as
mammalian m ilk  and plasma i s  more than s u f f i c i e n t  fo r  b a c te r ia l  growth.
Depending on th e  s p e c ie s ,  m ilk  o f  normal h ea lth y  in d iv id u a ls  co n ta in s
betw een IO-3 O and plasm a, between 10-63  I t  i s  w e ll  documented
th a t t h i s  ir o n  as  w e l l  a s  th e  sm all amount (about 17 p resen t in
hen egg w hite i s  " locked  up" by the ir o n -b in d in g  p r o te in s , la c to f e r r in ,
tr a n s fe r r in  and o v o tr a n s fe r r in  r e s p e c t iv e ly  ( B u llen ^ t  a l . ,  1978 ;
Board and Hornsey, 1 9 7 8 ). The a c tu a l amount o f fr e e  ir o n  in  eq u ilib r iu m
“"i 8w ith  th e se  p r o te in s  i s  o n ly  about 10 M which i s  fa r  too low fo r  normal 
b a c t e r ia l  grow th. A lthough a s p e c i f i c  fu n c t io n , namely th a t  o f  iro n  
tra n sp o r t ( Zschocke and B eskorovainy, 1 9 7 4 ), can be a sc r ib e d  to  serum 
t r a n s fe r r in  i t  i s  g e n e r a lly  b e lie v e d  th a t  an im portant fu n c tio n  o f  a l l  
th ree  o f th e s e  p r o te in s  i s  the in h ib it io n  o f  m icro b ia l growth through  
the c h e la t io n  o f ir o n . When one co n s id e r s  th e  n eu tra l or a lk a lin e  pH 
v a lu e s  o f  b io lo g ic a l  f lu id s  a t which the tr a n s fe r r in s  have op tim al or  
near op tim al a c t i v i t y ,  t h i s  view  does not come as too  much o f a 
s u r p r is e .  The a b i l i t y  o f th e  h o st to  w ith h old  iro n  from m icro-organism s  
has been accorded th e  terra " n u tr it io n a l immunity" (Kochan, 1973) and 
i t  has been su ggested  th a t the a b i l i t y  o f  the m icro-organism  to  acq u ire
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ir o n  frcM th e h o s t  and th e a b i l i t y  o f the h o st  to  deny i t  to  the  
m icro-organism  c o n s t i t u t e s  "a b a t t le  o f  c h e la t in g  agents" (G lynn,
1972) -  t r a n s fe r r in  v ersu s  s id ero p h o res .
M icrob ia l in h ib i t io n  by hen egg w hite
My r e s u lt s  were in  accord  w ith  the e a r l ie r  o b serv a tio n s  (Sharp  
and Villi ta k er , 1927 ; Schade and C a ro lin e , 1944 ; G ar ib a ld i, 1 96O ; 
Board and H a lls ,  l9 7 3 c ) ,  namely th a t unsupplemented hen egg albumen 
does not support the growth o f  a wide range o f m icro-organ ism s. 
A lthough th e  o ld e r  l i t e r a t u r e  a s c r ib e s  t h is  property  to tviO p r o te in s ,  
lysozym e and o v o tr a n s fe r r in , th ere  i s  no ev idence (Board, 19&9) to 
support th e n o tio n  th a t the form er p lays an im portant part in  
p r o te c t in g  ta b le  eggs during storage  and d is t r ib u t io n .  With t h is  
in  mind i t  would seem th a t  the r e s u lt s  in  F ig s .  11-13 showing the  
s u s c e p t i b i l i t y  o f  G ram -positive organism s to  albumen c o n tr a d ic t  the 
l a s t  sta tem en t. L ysozy m e-resista n t G ram -positive b a c te r ia  such as  
B a c il lu s  cereu s T and M icrococcus lu te u s  (F ig .  14) however show no 
apparent advantage over ly so z y m e -se n s it iv e  s t r a in s  in  hen egg albumen 
(F ig . 11) .  One in te r p r e ta t io n  o f  th is  may be th at fa c to r s  o th er  than  
lysozym e are a c t in g  on th e  lysozym e r e s is t a n t  s tr a in s  th ereb y  inducing  
lysozym e s e n s i t i v i t y .  A more l i k e l y  ex p la n a tio n  i s  th a t f a c to r s  o th er  
than lysozym e are d ir e c t ly  r e sp o n s ib le  fo r  the death o f  th e  lysozym e- 
r e s i s t a n t  b a c te r ia .  T h is  l a t t e r  ex p la n a tio n  i s  p a r tly  supported by 
f a i lu r e  to  render E sc h e r ic h ia  c o l i  0111 s e n s i t iv e  to  lysozym e in  iro n  
d e f ic ie n t  m inim al media a t  h igh  pH (F ig . 1 7 ) .  Vos ( 1964) and Zinder 
and Arndt (l93& ) have shown th a t in  complex media lysozym e s e n s i t i v i t y  
in  Gram-negative b a c te r ia  can be induced by a c h e la t in g  agen t and h i ^  
pH. My own in te r p r e ta t io n  agrees w ith  th a t  o f  Board ( 1968) who added 
lysozym e to  a mixed b a c t e r ia l  f lo r a  from egg s h e l l s  w ith ou t ca u sin g  a
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s ig n i f ic a n t  r ed u c tio n  in  numbers. Thus th e a v a ila b le  ev id en ce c a s ts  
doubt on th e  ca rd in a l r o le  accorded to lysozym e which a ro se  m ainly  
from th e  c l a s s i c a l  o b serv a tio n s  o f  Flem ing ( i9 2 2 ) .  The predominance 
o f  a G ram -negative f lo r a  in  r o tte n  eggs (H arry, 1937 J Pathak e t  a l . . 
i 960 ; Board, 1 9 6 3 ), i s  probably a r e f l e c t io n  o f  such organisms* 
sim ple n u t r i t io n a l  requ irem ents ra th er  than ly s o z y r a e -s e n s it iv ity  o f  
G ram -positive b a c te r ia .
The o b se r v a tio n  th a t hen egg albumen co n ta in s  an ir o n -b in d in g  
p r o te in  (A ld er to n  _et , 1 9 4 6 ), o v o tr a n sfe r r in  (Schade and C aro lin e , 
1944) ,  provided  th e  f i r s t  s u b s ta n t ia l  ev idence to  account fo r  the  
f a i lu r e  o f  b a c te r ia  to  grow in  egg albumen. The same mechanism was 
la t e r  dem onstrated in  both plasma ( Schade and C aro lin e , 1946) and 
m ilk  (Masson e t  , 1 9 6 6 ). Many in v e s t ig a to r s  have dem onstrated  
th a t n u tr it io n a l  immunity may be overcome sim ply by supplem enting  
the b io lo g ic a l  f lu id  i_n v it r o  or in  th e h o s t  w ith  sm all amounts o f  
ir o n . In  normal human plasm a, the tr a n s fe r r in  co n cen tra tio n  i s  about 
30 pM and ir o n  1 8 -2 l plVi. As th e  p r o te in  has the ca p a c ity  to  b in d  
60 pl«î o f  ir o n  i t  i s  norm ally o n ly  30- 33^ sa tu ra ted  w ith  th e m eta l.
The percentage sa tu r a t io n  o f  th e  tr a n s fe r r in  i s  c o r r e la te d  d ir e c t ly  
w ith  th e  a b i l i t y  o f th e  serum to  support growth o f m icro-organ ism s.
In  v it r o  t e s t s  have shown th a t  60-80^ sa tu r a tio n  o f  the serum tr a n s fe r r in  
i s  g e n e r a lly  s u f f i c i e n t  to  n e u tr a liz e  i t s  in h ib ito r y  e f f e c t  (Schade,
1963 ; C aroline _et a l . ,  1964 ; R ogers, 1967 j B u ll en and R ogers, 1 9 6 9 ). 
Pathogen ic b a c te r ia  in  v iv o  are a b le  to  m u ltip ly  when g iv en  a c c e ss  to  
adequate ir o n . Thus in  exp erim en ta l in fa c t io n  o f  mice or r a ts  w ith  
Pseudomonas a e r u g in o sa . Salm onella  typhimurium, h y s te r ia  m onocytogenes. 
K le b s ie l la  pneumoniae or E sch er ich ia  c o l i , the was reduced
s ig n i f i c a n t l y  and m ic r o b ia l growth enhanced by in tr a p e r ito n e a l,  
in tram u scu lar or  in tra v en o u s in j e c t io n  o f  iro n  (Chandlee and Fukui, 1963 ;
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Martin e t  a l . , 1963 ; Sword, 1 9 6 6 ). I t  i s  a lso  notable in  
hyperferraem ic p a t ie n ts , when the iron  sa tu ra tion  i s  greater  than 
60^ as a r e s u lt  o f  m alaria, leukaem ias, thalassem ia e t c . ,  or in  
hypotransferrinem ic p a t ie n ts , vhen the tr a n sfe rr in  concen tration  
may be as low as 3 and the sa tu ra tion  le v e l  as high as 100^ as 
in  su ffe r e r s  o f  the d ise a se  kwashiorkor, th at m icrobial p ath ogen ic ity  
i s  enhanced con sid erab ly .
In marked co n tra st, hen egg albumen ^  v itr o  a t  39.3°C did not 
allow  ex ten siv e  m u lt ip lic a t io n  o f  E scherich ia  c o l i  C363O u n t i l  the 
ov o tra n sferr in  was com pletely saturated  with Fe^^ (Table 1 1 ) . At 
le v e ls  below lOCÇ̂ , death of th e b a c ter ia  occurred. The fa ilu r e  to  
s a t is f y  com pletely  the ch e la tin g  p o te n tia l o f  ovo tran sferr in  may 
have been a major error in  those early  s tu d ies  th at f a i l e d  to produce 
growth o f  m icro-organism s in  egg albumen deemed to have been saturated  
with ir o n . I have assumed that ovo tran sferr in  and serum tr a n sfe r r in  
share a common mechanism in  th e ir  rea ctio n s with Fe^^ complexes 
in v o lv in g  an exchange o f  ligan d s (B ates and Schlabach, 19 7 3 )* The 
ligan d s in  th e co -ord in a tion  sphere o f the Fe^* complex are gradually  
rep laced  by the binding groups o f  the p rote in  u n t i l  the iron  i s  t o t a l ly  
co-ord inated  by the p ro te in .
The rea c tio n  o f  serum tr a n sfe r r in  with complexes l ik e  fe r r ic  
n it r i lo t r ia c e t a t e  and fe r r ic  c it r a te  occur quite rea d ily  (B ates and 
Wernicke, 1971 ; Bates e t  aT ., 1967), however f e r r ic  s a l t s  such as  
FeCl^, th at form in e r t  sp h er ica l polymers, are not rea d ily  attacked  
by the tr a n s fe r r in s . The major reason why the ligands forming a s ta b le  
c r o ss - lin k e d  iron  nucleus are not d isp laced  by the binding groups o f  
the pro te in  i s  probably one o f  s t e r ic  hindrance. Thus when o v o tra n sferr in  
v/as t i t r a t e d  with FeCl^ a t high pH there was no c lea r  end point (F ig .
19) .  V̂hen compared with f e r r ic  s a l t s ,  ferrous complexes gave a lin e a r
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response and a c le a r  sa tu ra tion  point when t i t r a te d  aga in st  
o v otran sferr in  (F ig . 1 9 ). This i s  because ferrou s s a lt s  e x is t  as 
low m olecular w eight complexes w ith  r e a d ily  d is so c ia b le  lig a n d s .
Although G aribald i (i9 6 0 ) observed growth o f  Pseudomonas 
flu o rescen s and an Aeromonas sp, in  egg white which was le s s  than 
100^ saturated  w ith  iro n , h is  work v/as done a t an incubation  
temperature o f 28°C much removed from the incubation  temperature used 
throughout most o f  th is  study.
In experim ents w ith serum v itr o  three e f f e c t s  can occur ; 
some b a cter ia  grow norm ally (B u llen  and Rogers, 1969) ; some are 
k i l le d  rap id ly  (F le tc h e r , l 9 7 l )  ; w ith others th ere i s  a short period  
o f growth fo llow ed  by prolonged b a c te r io s ta s is  (B u llen  and Rogers, 1 9 6 9 ) .  
The presence o f complement in  serum has been deemed to be respon sib le  
fo r  th is  b a c te r ic id a l a c t iv i t y .  I t  has long been knc./n th at th is  
m ater ia l togeth er w ith s p e c if ic  antibody can cause l y s i s  o f  s e n s it iv e  
s tra in s  o f  E sch erich ia  c o l i . In support o f t h is ,  Bullen and Rogers 
( 1969) showed th at complete d estru ctio n  o f  the complement by heating  
changed the b a c te r ic id a l property o f  rabbit serum to  a b a c te r io s ta t ic  
one. Both o f th ese  e f f e c t s  could be overcome by sa tu ration  o f  the  
tr a n sfe rr in  w ith Fe^^ or by the a d d itio n  o f  haem compounds (B u llen  
and Rogers, 1969) which are not bound by tr a n s fe r r in s .
Human m ilk a lso  has a powerful b a c te r io s ta t ic  e f f e c t  on b a c ter ia  
( Bullen e t  a l . ,  1972). I t  con ta in s large  q u a n tit ie s  o f la c to fe r r in  
(2 -6  mg/ml) but r e la t iv e ly  sm all q u a n tit ie s  ( 1O-13 p&/ml) o f  tr a n sfe rr in  
(Masson and Heremans, I 9 7 l ) .  Although la c to fe r r in  i t s e l f  had some 
in h ib ito ry  e f f e c t ,  the combination of th is  w ith s p e c if ic  antibody had 
a more powerful e f f e c t  resem bling that o f milk i t s e l f  (B ullen  _et a l . ,
1 972) .  This e f f e c t  was a l s o  demonstrated w ith  serum t r a n s f e r r in  and 
s p e c i f i c  antibody (R ogers , 1973). both c a s e s  the b a c t e r i o s t a t i c
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p rop erties  o f the iron -b in d in g  prote in s and antibody were abolish ed  
by the a d d itio n  o f  iron  s u f f ic ie n t  to  saturate the tr a n s fe r r in s .
In the absence o f an adequate immune response and the lo c a liz e d  
nature o f  the p ro tec tio n  afforded  by the maternal antibody (Yamomoto 
and Eigland, 1966), the developing erabiyo must depend on n o n -sp e c if ic  
defence mechanisms. Ken egg albumen has a strong b a c te r ic id a l e f f e c t  
on b a cter ia  a t normal incub ation  temperatures and pH v a lu es . This 
e f f e c t  i s  grea ter  on Gram -positive b a cter ia  (F ig s . 23-26) than Gram- 
negative ones (F ig s . 27-31) and only the la t t e r  are ab le to  grow when 
ovotra n sferr in  i s  saturated  v/ith iro n . B a c te r io s ta s is  can be induced  
by lowering th e incubation  temperature of egg white to  30°C or  below  
(F ig s . 42 and 44) or by reducing the pH to va lu es below pH8 (F ig s .
43 and 46) .  In both o f  th ese  ca ses  some b a c ter ia  were able to  grow 
very slow ly  a f t e r  a day or two. Thus the b a c te r ic id a l property o f  
hen egg albumen may be a ttr ib u ted  to the presence o f  an iron -b ind in g  
p rote in , o v o tra n sferr in , togeth er  with a high incubation  temperature 
and/or pH, and probably sm all amounts o f r ea d ily  a v a ila b le  nitrogenous 
compounds (F ig . 2 2 ).
The b a cter ia  th a t ceui grow in  serum must p ossess a s p e c if ic  
mechanism fo r  acq u irin g  iron  from p artly  saturated tr a n sfe rr in . Apart 
from d ir e c t  p r o te o ly s is  o f the iro n -p ro te in  complex, fo r  which there  
i s  no ev id en ce, there are only  two ways by which th is  could be achieved . 
One i s  the d ir e c t  in te r a c t io n  between the b a c te r ia l c e l l  envelope and 
the tr a n sfe r r in  m olecule in  a reaction  analagous to th at o f  tr a n s fe r r in  
and the r e t ic u lo c y te  (F le tch er  and Huehns, 1968) .  This may w e ll  happen 
with h ig h ly  v ir u le n t organisms such as P a steu re lla  sep tica  (B u llen  _et 
a l . , 1968) .  The other and most probable mechanism i s  the m icrob ia l 
sec r e tio n  o f  a low m olecular w eight iron  ch e la to r  capable o f removing 
iron  from the tr a n sfe rr in  m olecule and r e -en ter in g  the c e l l  where i t
182
g iv es  up i t s  iro n .
Rogers ( l9 7 3 ) ,  working with two serotyp es o f  E scherich ia  c o l i  
(0111 and O l4 l) , showed th at there was a d ir e c t  r e la t io n sh ip  between 
the a b i l i t y  to  sy n th es ize  ca tech o ls  and the v iru len ce  o f  these  
organisms fo r  m ice. The 0111 s tr a in , which was s e n s it iv e  to  complement,
Q
had an o f  1 x IO for  m ice. I t  was k i l le d  by normal rab b it serum
and in h ib ite d  by heated serum. The com plem ent-resistant s tr a in  0 l4 l
had an o f  3 x 10^ fo r  mice and showed inoculum-dependent growth
in  fresh  serum -  sm all in ocu la  f a i le d  to  i n i t i a t e  growth whereas large
ones d id . Rogers (1973) suggested  that the large  inoculum might be 
producing an e s s e n t ia l  m etab olite  th a t was enabling the b a cter ia  to 
grow. Culture f lu id s  o f  E scherich ia  c o l i  0141 grown in  the presence  
o f a sy n th e tic  ir o n -c h e la to r , ethylene diam ine-di-o-hydroxyphenyl 
a c e t ic  a c id , E .D .D .A ., contained d e r iv a tiv e s  o f  2 ,3-d ihydroxybenzoic  
acid  which were capable o f a b o lish in g  the b a c te r io s ta t ic  e f f e c t s  o f  
the serum. One of th ese  compounds, t e n ta t iv e ly  id e n t if ie d  w ith  
en terob actin , was capable o f  removing iron  from i t s  complex w ith  
tr a n s fe r r in . When E scherich ia  c o l i  0111 was a ls o  found to  produce 
ca tech o ls  in  low -iron  media th e  question  arose as to why t h is  organism  
fa i le d  to  m u ltip ly  in  serum. This was explained  by the presence o f  
antibody in  the serum which in a c tiv a ted  the sy n th es is  o f  en terobactin  
(Rogers, 1 973). Further work showed that th ese  iro n -seq u ester in g  
substances could be described  as "virulence factors"  sin ce  organisms 
lack ing them would be unable to m u ltip ly  w ith in  the h o st. This was 
shown in  vivo  when the compound is o la te d  from str a in  0141 produced a 
f a t a l  in f e c t io n  when adm inistered with an otherw ise harmless dose o f  
E scherich ia  c o l i  O1II in to  mice (Rogers, 1973).
M ycobactins, the iro n -seq u ester in g  m olecules formed by the 
Mycobacteria (Snow, 1970), may a lso  play an important r o le  in  in fe c t io n
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as they can a lso  remove iron  from tr a n s fe r r in  thus n e u tra liz in g  serum 
tu b e r c u lo s ta s is  (Kochan ^  1971)«
R esu lts  s im ila r  to  those obtained in  serum have a lso  been obtained
in  human m ilk and bovine colostrum , both o f  which exert a b a c te r io s ta t ic  
e f f e c t  on E sch erich ia  c o l i  0111 and both o f which can be abolish ed  by 
sa tu ra tin g  the iron -b ind in g  p o te n t ia l o f  la c to fe r r in  with Fe^* (B ullen  
e t  a l , . 1972 ; R e iter  e t  e ^ ., 1975). This e f fe c t  depends however on 
the a d d itio n  o f bicarbonate to  counteract the iron -m ob iliz in g  e f f e c t s  
o f  th e  la rg e  amounts o f  c i t r a te  normally present in  th ese  secre tio n s  
(R e ite r  e t  1 9 7 5 ). Rot a l l  s tr a in s  of E scherichia c o l i  are
in h ib ite d  by human m ilk and bovine colostrum  (G r iff ith s  and Humphreys, 
1976) ,  a fea tu re  th at can be a ttr ib u te d  to lack o f s p e c if ic  antibody.
Thé two most commonly stud ied  serotypes o f E scherich ia  c o l i  
(O11I and 0 l4 l )  used in  work on th e a n t ib a c te r ia l systems in  mammalian 
m ilk and serum, were included in  th is  study in  order to  ach ieve as
c lo se  a comparison as p o ss ib le  between egg w hite and the above two. In
t h is  resp ec t they did not d i f f e r  from any other Gram-negative bacteria  
in  egg albumen a t 39*5°C, They were k i l le d  in  egg white a t pH 9 .2  
w hile th e ir  populations remained s t a t ic  a t pH 7 .6 ,  In co n trast to  
serum and mammalian m ilk, which have a pH around n eu tra l, inoculum  
dependent growth o f  E scherich ia  c o l i  0141 could not be demonstrated 
in  hen egg w hite a t e ith e r  o f  the above pH v a lu es . I t  has been suggested  
th at 2 , 3-dihydroxybenzoic a c id  and s im ila r  compounds which can reverse  
the b a c te r io s t a t ic  e f f e c t  o f  ovo tran sferr in  on Salm onella typhimurium, 
may co n tr ib u te  to the sp o ila g e  o f eggs by f a c i l i t a t in g  b a c te r ia l  
m u lt ip lic a t io n  in  the w hite (G arib a ld i, 19 7 0 ) , I f  the production or 
presence o f iro n  transport compounds i s  a p rereq u isite  fo r  an organism 
to  e s ta b lis h  i t s e l f ,  i t  i s  v i t a l  th a t the egg p o ssesses some means o f  
block ing  siderophore sy n th es is  or in a c t iv a t in g  any siderophores produced
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by the invading organism.
One mechanism o f  doing t h i s  has already been d iscussed  -  the  
suppression o f  siderophore sy n th es is  (or  r e le a se )  by antibody in  
serum (R ogers, 1 9 7 3 )» The same mechanism may a lso  apply to  mammalian 
m ilk . G aribaldi (l9 7 l>  1972) has shown fo r  Salm onella typhimurium and 
a flu o rescen t pseudomonad, and Kochan (l9 7 7 ) for  E scherich ia  c o l i  th a t  
the a b i l i t y  to produce iron  tran sp ort compounds i s  s u b s ta n tia lly  
reduced by a sm all in crease  above the optimum temperature required for  
growth. As a r e s u lt  i t  has been suggested th a t the reduction  in  
mammalian serum iro n , coupled w ith an e le v a t io n  in  body temperature 
( f e v e r ) ,  i s  a co-ord inated  h ost defence mechanism aga in st invading  
pathogens (Weinberg, 1974 ; Kluger and Rothenburg, 1979).
Although the production o f  e x tr a c e llu la r  c a te c h o l- lik e  compounds 
accompanying growth was demonstrated (F ig . 5 l ) in  d e -iro n ised  media 
a t 39.5°C (pH 7 .6 ) ,  they were not detected  in  hen egg albumen (pH 9 .2 )  
a t the same tem perature. This suggests th a t a lk a lin e  pH va lu es  rather  
than e lev a ted  tem peratures were resp on sib le  fo r  the in h ib it io n  o f  
siderophore p ro d u ctio q /re lea se  in  hen egg albumen, E nterobactin  i s  an 
extrem ely unstab le m olecule ; i t s  h a l f - l i f e  in  aqueous so lu tio n  (pH 7) 
i s  o f  th e  order o f  hours. I t  su ffe r s  both ox id ation  o f the r in g  
hydroxyl groups and h y d ro ly s is  o f  the la c to n e . The h y d ro ly tic  products 
o f  en terob actin  are a lso  iron  ch e la to rs  but the s t a b i l i t y  o f  the  
complexes they form decreases w ith the decreasing com plexity o f  the  
ligand (O 'Brien ^  1 971 ) .  I f  en terobactin  was produced in  hen
egg white (pH 9 .2 ) ,  non-enzymatic h y d ro lysis  of the type described above 
would probably occur (p la te s  17 and l8 )  breaking the trim er down in to  
sim pler monomer c o n s titu e n ts  incapable o f  scavenging iron  to the same 
e x ten t as en terob actin  (Hancock e t  , 1977). Further in d ic a tio n  o f  
the in e f f e c t iv e n e s s  o f th ese  lower c o n stitu en ts  to obtain  iron  from an
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iron -b in d in g  p ro te in  was g iven  when a commercial preparation o f  2 ,3 -  
dihydroxybenzoic a c id  f a i le d  to stim u late  growth o f  E scherich ia c o l i  
C363O in  hen egg albumen (F ig . 55 )• Indeed th e  complete absence o f  
c a te c h o l- l ik e  compounds in  egg w hite a t th is  pH tends to suggest th at 
no iron  transport compounds o f  any type were produced. In a d d itio n , 
although the production o f  th ese  compounds was not in v e stig a te d  at 
the lower pH, the fa c t  th at u n less  p u r if ie d  enterobactin  was added 
(F ig . 53)> the growth o f  E scherich ia  c o l i  0141 was in h ib ited  in  egg 
white even a f t e r  24h im p lies th a t production o f  siderophores was com pletely  
suppressed a t  both pH v a lu e s . I t  would appear then th at whereas serum 
and probably m ilk r e ly  on an iron-b ind ing  p ro te in  and antibody to  
prevent micro-organism s from ob ta in in g  iro n , in terp la y  o f  an a lk a lin e  
pH and o v o tra n sferr in  would seem to  be o f  major importance in  eggs.
I t  i s  not known i f  other b a c te r ia l c h e la te s  are involved  in  the  
m icrob ial in fe c t io n  in  eggs. Indeed in  th is  study no attempt was made 
to  in v e s t ig a te  the a b i l i t y  o f  micro-organisms to secrete  and re-absorb  
hydroxamate siderophores in  egg albumen, Hydroxamate siderophores are 
more commonly found in  fu ngi such as P é n ic illiu m , A sp erg illu s and 
Fusarium, Only a few b a cter ia  are known to secre te  hydroxamate 
siderophores during iron  dep rivation  : B a c illu s  megaterium (Schizokinen) ; 
Enterobacter aerogenes s tr a in  62-1 (A erobactin) ; Arthrobacter pascens 
(A rthrobactin  or terregen s fa c to r ) and some sp ec ie s  o f  Pseudomonas. In  
the case o f members o f  the la s t  mentioned genus, pyoverdine^^, the y e llo w -  
green flu o re sce n t pigment o f  Pseudomonas flu o rescen s (Meyer and Abdallah, 
1978a ) , i s  the siderophore. S im ilar iron  seq uestering  pigments have a lso  
been observed in  Pseudomonas aeru ginosa . Pseudomonas chloraphis and 
Pseudomonas putida (Meyer and Abdallah, 1978b), These hydroxamates 
should not be confused w ith pyochelin , a phenolate siderophore is o la te d  
from Pseudomonas aeruginosa (Cox and Graham, 1979). Although pyoverdine^^
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has been shown to  be chem ically  unstable under m ild ly  a lk a lin e  
con d ition s (Lleyer and Abdallah, 197ôa), very l i t t l e  i s  known about 
the s t a b i l i t y  o f other b a c te r ia l  hydroxamate s .  In fa c t  the enhanced 
pigment production by pseudomonads in  th e presence o f ovo tra n sferr in  
or egg w hite observed by Feeney and Ilagy (l932) and G aribaldi ( 1967) 
was due to the sec r e tio n  o f iron -b in d in g  hydroxamate siderophores in  
response to  th e low con cen tration  o f free  iro n . Indeed th ese  flu o rescen t  
pigments can o ften  be seen in  egg w hites that have been contaminated  
during some stage in  modern egg processing  p lan ts (Board, personal 
communication)• In ad d ition  the flu o re sce n t pigments produced by ma^y 
o f the contaminants found in  the w aterfowl egg w hites (Table 22) may be 
fu rther evidence to suggest th a t b a cter ia  w ith the a b i l i t y  to produce 
hydroxamate siderophores are b e tte r  su ited  to survive the high pH 
obtained by egg albumen.
In the past workers have tended to  d escribe the a n tim icro b ia l 
defence system o f  albumen by m erely l i s t i n g  i t s  p r in c ip a l p rote in  
components. From the r e s u lt s  o f  th is  study i t  has become apparent th at 
the b a c te r ic id a l a c t iv i t y  o f avian  albumen depends not on ly  on th ese  
protein  c o n stitu en ts  but a lso  on the high a lk a l in ity  o f the albumen.
For, in  a d d ition  to the in flu en ce  pH has on th e binding o f iron  by 
ov o tra n sferr in  ( ir o n  i s  bound more t ig h t ly  a t high pH), the high  
a lk a l in ity  may p o ss ib ly  prevent micro-organisms from scavenging th is  
element because o f the in h ib it io n  o f siderophore production (F ig , 32) 
and uptake (F ig , 3 4 ) .  The incub ation  temperature o f the hen’ s egg may 
a lso  play some ro le  in  th e  in h ib it io n  of micro-organisms ; the r e s u lt s  
in  th is  study suggest th is  but a f u l l  understanding o f th is  w i l l  have to  
w ait fu rth er  s tu d ie s . Perry and V.'einberg ( l9 7 3 )  attempted to ex p la in  
the d if fe r e n c e s  in  the su rv iva l o f b acter ia  a t d if fe r e n t tem peratures 
in  iron  d e f ic ie n t  media by p o stu la tin g  a decreased iron  requirem ent a t
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lower tem peratures due to lower metabolism. W hilst th is  would be 
true a t tem peratures below 20°C (F ig , 50) i t  would be u n lik e ly  to  
occur a t  h igher tem peratures such as 23 or 30°C. One p o ss ib le  
exp lanation  may be th a t b a cter ia  have one le s s  r e s tr a in t  to  overcome 
when suspended in  unsupplemented hen egg w hite a t pH 9 or above and 
tem peratures below the incubation  temperature o f the hen.
This la s t  statem ent i s  a ls o  probably true fo r  y ea st v e g e ta tiv e  
c e l l s  in  hen egg albumen. An in crease  in  incubation  temperature from 
30 to 39'5°C or pH from 7 to  9 r esu lted  g en era lly  in  a grea ter  ex ten t  
o f  d ec lin e  o f  the y e a st populations (F ig s , 3 6 -39 )• In marked con trast  
to b a c ter ia  however, the a v a i la b i l i t y  o f  fr e e  iron did not appear to 
be the major fa c to r  o f  y ea st in h ib it io n  in  hen egg albumen. Thus with  
the exception  o f  the brewing y e a st Saccharomyces c er e v is ia e  (F ig , 38) ,  
iron  sa tu ra tion  o f  ovo tra n sferr in  did not a llow  exten sive  growth o f  
th ese organisms to occur (F ig s , 36 -3 9 ). Although hydroxamate 
siderophores, based on the compound rhodotoru lic  ac id , have been 
demonstrated in  cu ltu res  o f  w ild  y e a sts  such as Sporobolomyces and 
Rhodotorula spp, (A tkin ^  , 1970) no such m olecules have been
observed with Saccharomyces cerev isea e  (A tkin e_t , 1 970) • The 
apparent independence upon iron  exh ib ited  by the y ea sts  in  th is  study 
was an unexpected ob servation . One might expect th at th ese  micro­
organisms whose n u tr it io n a l requirem ents are g en era lly  more complex than 
most b a c te r ia  a sso c ia ted  w ith  addled eggs, would be even more su scep tib le  
to  iron  d ep riva tion  than b a c te r ia . The in h ib it io n  o f y e a sts  may have 
been due to a v id in , another ch e la tin g  agent present in  avian egg w h ites. 
Although t h is  p rote in  i s  present in  hen egg w hite at a much lower 
con cen tration  (0,19o o f  th e  to t a l  protein) compared with o v otran sferr in  
(13 . 7^ o f  the to t a l  p r o te in ) , i t s  strong a f f in i t y  for the vitam in b io t in  
has provided the b a s is  for  assaying fo r  b io tin -r e q u ir in g  micro-organisms
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(Wright and Skeggs, 1944) in clu d in g  the y e a s ts  (H ertz, 1943).
The importance the in ter p la y  o f high a lk a l in i t y  and iro n -  
d e f ic ie n t  co n d itio n s was emphasized by ob servation s o f  the in h ib it io n  
o f  v e g e ta tiv e  c e l l  outgrowth from b a c te r ia l endospores suspended in  hen 
egg albumen (Tranter and Board, 1982). Of the th ree main s ta g es  in  
B a cillu s  cereus T spore development -  germ ination ; sw e llin g  ; outgrowth 
(H itch in s £ t  a d ,, 19&3) -  on ly  the la s t  two sta g es  were a ffe c te d  by hen 
egg w h ite . The fa c t  th a t germ ination was not a ffe c te d  (F ig . 34-) i s  a 
fea tu re  in  common w ith a lo t  o f other food p reserv a tiv e s  such as n is in ,  
sorbate and n i t r i t e  (Gould, 1964), and i s  in  keeping w ith the concept 
o f  germ ination bein g  an ir r e v e r s ib le  process which, when compared with 
v eg e ta tiv e  c e l l s ,  i s  r e la t iv e ly  in s e n s it iv e  to  i t s  environment.
Takagi ( l 96o) showed th a t the spore cortex  but not the spore
coat was d isrupted early , in  spore germ ination p rocesses thus enabling  
the spore core to sw ell (H itch in s _et , 1963) during reh ydration . The 
second phase o f  sw e llin g  th a t occurred w ith spores suspended in  hen egg 
w hite (pH 9) supplemented w ith L -alan ine and in o s in e  (F ig . 2 ; Tranter 
and Board, 1982) resu lted  in  some cases in  a b a re ly  v i s ib le  spore cortex  
th a t was squeezed up a g a in st th e spore coats (p la te s  7a and b ) . I t  was 
notable that a marked sw ellin g  has a lso  been observed when outgrowth was 
in h ib ite d  by other c h e la tin g  agents such as e th y l p ic o lin a te  (Pandey and 
Solanki, 198O) and polyphosphates (Gould, 1964) ,
The in h ib it io n  o f  outgrowth from b a c te r ia l  endospores by an iron  
ch e la tin g  p ro te in  was shown by Ashton and Busta ( 1967) and Oram and 
R eiter  ( 1968) ,  who stu d ied  spores o f  B a c illu s  stearotherm ophilus in  
media conta in in g  la c to fe r r in  at pH 7 .0 ,  The in h ib it io n  was r e lie v e d  by 
ir o n . This element overcame the in h ib it io n  o f  outgrowth from spores o f  
B a c illu s  cereus T in  egg w hite but only when the pH was lowered from 9 .0  
to  7 .9  (Tranter and Board, 198 2 ), About 2yb o f  spores in  unsupplemented
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egg white (pH 9 .0 ) attem pted outgrowth but the r e su lt in g  "cells'*  
appeared to  be weak s tr u c tu r a lly  and they never became fr e e  o f  the  
spore coat (p la te  9*3.) • E lectron  m icroscopic examination o f  such 
" ce lls"  showed th a t the c e l lu la r  in te g r ity  was a ffe c te d  and ly s i s  o f  
the c e l l  envelope appeared to be occurring (p la te s  16a and b ) , A 
p o ss ib le  exp lanation  fo r  t h is  may be th a t th e  spores, derived from 
ly so zy m e-resista n t mother c e l l s ,  were producing v eg eta tiv e  c e l l s  that 
were su sce p tib le  to  the lysozyme present in  hen egg w h ite . Thus they  
may have been behaving in  a s im ila r  way to th e delay of outgrowth, by 
p u rified  hen egg white lysozym e, from spores derived from lysozym e- 
r e s is ta n t  mother c e l l s  o f  C lostridium  tyrobutyricum (V/asserman and 
Teuber, 1979) which a lso  ex h ib ited  delayed outgrowth when p u r if ie d  
lysoẑ yTTie from h en 's  egg w hite was present in  the medium.
The v e g e ta tiv e  c e l l s  th a t emerged from B a c illu s  cereus T spores 
in  iron-supplem ented hen egg albumen (pH 7 .9 ) had a s im ila r  morphology 
to  the normal c e l l s  th at had emerged from spores in  a r ich  medium but 
they gave a granular Gram-reaction (p la te  12) due to the presence o f  
large  amounts o f l ip id  (p la te  1 3 ) . Although these l ip id  granules, 
probably poly-^-hydroxybutyrate (RHB), are common in  the cytoplasm  
o f  many B a c illu s  sp p ., they tend to occur as a storage product la r g e ly  
in  p h y s io lo g ic a lly  o ld  c e l l s  and are g en era lly  few in  number during  
a c tiv e  growth o f  the m icro-organism . This su ggests th at the emerging 
c e l l s  are not a b le  to  achieve normal growth immediately a f t e r  emergence. 
The amount o f l ip id  m ateria l decreased when the c e l l s  were l e f t  overnight 
and many o f the c e l l s  formed r e f r a c t i le  spores (p la te  1 4 ) . In B a c illu s  
megaterium the sp oru la tion  process depends on the rate o f  u t i l iz a t io n  o f  
PHB which serves as an endogenous carbon and energy source (S lepecky and 
Law, 1961) .
There was some outgrowth from spores in  unsupplemented hen egg
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w h ite  (pH 7*9) but th e se  " cells'*  were o f  a b iz a r r e  form and appeared  
to  have had problem s w ith  c e l l  d iv is io n  ( p la t e  1 1 ) .  These " c e lls "  
had o n ly  sm all amounts o f l i p i d  and d id  n ot form sp o res . T h is  su g g e sts  
th a t  ir o n  i s  a p o s s ib le  requirem ent fo r  sp o r u la tio n  and perhaps i t  i s  
in v o lv e d  in  PAB u t i l i z a t i o n  a l s o .
P h y sio lo g ica l im p lica tio n s  o f  iron  d ep rivation  and reasons fo r  death
As iron  i s  an e s s e n t ia l  n u tr ien t, i t s  occurrence a t  very low le v e l s  
has fa r  reaching consequences on m icrobial structure and fu n ctio n . 
C atalase a c t iv i t y  i s  markedly reduced in  many microbes subjected  to iron  
l im ita t io n  (Waring and Vterkman, 1944 J Theodore and Schade, 1963) • A 
s im ila r  reduction  occurs in  the cytochrome content of ir o n -d e f ic ie n t  
m icro-organism s (Waring and Workman, 1943, 1944). These workers showed 
th a t when iron  was added to  d ep leted  media, the requirements o f the  
cytochromes were s a t is f ie d  b efore those o f the iron  dependent enzyme 
system s. I r o n -d e f ic ie n t  c e l l s  o f 'Staphylococcus pyogenes*' f a i l  to  
o x id ise  a l l  th e  g lu cose and la c ta te  to  a ce ta te  and a ceto in  (Theodore and 
Schade, 19&3) and 'Aerobacter c loacae' ferments g lucose to  formate and 
la c ta te  with l i t t l e  CÔ  and due to  a d e fic ien cy  o f  various enzymes 
in c lu d in g  formic dehydrogenase, form ic hydrogen ly a se  and hydrogenase 
(Waring and Workman, 1942). The deoxyribonucleic acid  (DNA) content o f  
Mycobacterium smegmatis f a l l s  markedly vhen the iron supply in  a medium 
i s  lim ite d  probably as a r e s u lt  o f some impairment o f the r ib on u cleo tid e  
reductase system ( Goughian, l 9 7 l ) .
The d ecrea se  in  th e  amount o f  th e  sy n th e s is  o f th e  cytochrom e 
and ir o n -c o n ta in in g  p r o te in s ,  many o f  vh ich  a re  in te n s e ly  co lo u red , 
during ir o n  l im it a t io n  c o n tr ib u te s  to  changes in  m ic r o b ia l appearance. 
C e lls  o f  S e r r a t ia  m arcescens in  unsupplem ented hen egg albumen ( F ig .  49) 
g ra d u a lly  l o s t  t h e ir  pigm ent whereas c e l l s  o f  th e  same organism  r e ta in e d  
t h e ir  p igm ent-producing p o t e n t ia l  in  ir o n  supplemented hen egg w h ite .
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T his phenomenon was f i r s t  n oted  by Bunting ( i9 4 0 )  but i t  was W illiam s  
e t  a l . . ( 1956) who showed th a t  ir o n  was a c tu a lly  in corporated  in to  th e  
red  pigm ent, p r o d ig io s in .
In  many c a s e s  th e  a v a i l a b i l i t y  o f  iro n  has been found to  a f f e c t  
th e s i z e ,  shape and growth c h a r a c t e r is t ic s  o f  m icro-organ ism s. Indeed 
i r o n - d e f ic ie n t  c e l l s  o f  Mycobacterium smegmatis (Winder and O'Hara,
1962) and E sch er ich ia  c o l i  (R atledge and Winder, 1964) occurs as fila m en ts .
Considerable a tte n t io n  has been paid to the b a c te r io s ta t ic  e f f e c t  
o f antibody and iron -b in d ing  p ro te in s on E scherich ia  c o l i . The speed 
at which in h ib it io n  o f  growth by serum occurs suggests th at p rogressive  
iron  l im ita t io n  w ith in  th e  c e l l  i s  not o f  primary importance. Indeed 
G r iff ith s  ( l9 7 l )  has envisaged a rapid d ep letion  o f iron  from a s p e c if ic  
and c r u c ia l c e l lu la r  r o le .  He showed th at s p e c if ic  antibody and 
tra n sferr in  in h ib ite d  P a ste u r e lla  sep tica  by in te r fe r in g  with the  
biochem ical metabolism o f  the c e l l .  Thus net r ib on u cleic  ac id  (RNA) 
sy n th esis  began to  d ec lin e  I3min a f te r  the ad d ition  o f antiserum ; th is  
was fo llow ed  by in h ib it io n  o f  net protein  sy n th es is  and f in a l ly  DM 
sy n th es is . S im ilar changes in  macromolecular synth esis have been 
observed in  E scherich ia  c o l i  O111 exposed to antiserum (Melching and 
Vas, l 9 7 l ) .  The a d d itio n  o f  iro n , w hile not preventing th e  i n i t i a l  
in h ib it io n , allow ed net macromolecular sy n th es is  and c e l l  m u lt ip lic a t io n  
to  be resumed in  the same sequence as i t s  i n i t i a l  in h ib it io n .
One r e s u lt  o f  th ese  observations was th e appearance o f  abnormal 
tra n sfer  r ib o n u cle ic  ac id  (tRM ) sp ec ie s  in  bacteria  (Rosenberg and 
G efter, 19&9). The chromatographic p r o f ile  o f severa l tR M 's from iro n -  
d e f ic ie n t  E scherich ia  c o l i  d if fe r e d  markedly from those o f  ir o n - s u f f ic ie n t  
c e l l s .  T yrosyl-tR M  and phenylalanyl-tR M  from ir o n -d e f ic ie n t  c e l l s  
appeared e a r l ie r  in  th e  chromatographic e lu t io n  p r o f i le .  G r if f ith s  (l9 7 2 )  
found th a t E sch erich ia  c o l i  0111 in h ib ited  by horse serum contained
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abnormal phenylalanyl-tRNA, A ddition o f  iro n  to  saturate the 
tr a n s fe r r in  prevented th e form ation o f  abnormal tRNA, S im ila r ly  
a d d itio n  o f  hematin resu lted  in  the conversion o f the abnormal to  
the normal f o m . Iron may be required fo r  th e  sy n th es is  o f  the 2 -  
m ethylthio group on the iso p e n ty l adenosine residue adjacent to the 
anticodon reg ion  in  tRNA w ithout which the m olecule can not fu n ctio n  
normally (Rosenberg and G efter , 1969) .  G r iff ith s  (l9 7 2 ) suggested  
th a t i t  was the complete absence o f  normal phenylalanyl tRNA from 
b a c ter ia  in h ib ited  by serum th a t was respon sib le  for  b a c te r io s t a s is .
In co n tra st to  the observation s made in  serum, the growth o f  
b a cter ia  in  an ir o n -d e f ic ie n t  medium i s  u su a lly  only  slowed down and 
slow growth may p e r s is t  fo r  upwards o f  24h or longer (R atledge and 
Winder, 1964) .  In an attem pt to mimic th e  e f f e c t s  o f hen egg albumen, 
E sch erich ia  c o l i  0141 was inocu lated  in to  ir o n -d e f ic ie n t  medium bu ffered  
between pH 7 .0 -9 .0  (F ig s . 47 and 4 8 ) .  T his resu lted  in  a reduction  o f  
growth o n ly . Vi*ettstein and S ten t ( 1968) showed th at E scherich ia  c o l i  
grown in  an iro n -d ep le ted  medium contained both abnormal and normal 
tRI'îA^^®. T his su ggests th a t un like the s itu a t io n  in  serum, enough o f  
the normal component was s t i l l  present to  allow  pro te in  sy n th esis  to  
occur alm ost unperturbed.
B a c ter ic id a l Systems in  Mammalian Serum, Milk and Avian Egg White
Although the a n tim icrob ia l nature o f the three systems noted above 
became known at about the same tim e -  a t the turn o f the century -  the 
system s in  m ilk and egg w hite have only a ttra c ted  in term itten t a t te n t io n .  
I t  i s  on ly  over the past 13 years th at the milk system has rece ived  
su sta in ed  study (R e ite r , 1976) ; the system in  egg w hite s t i l l  aw aits  
c la r i f ic a t io n .  The b a c te r io s ta t ic  mechanism o f  th ese  three systems has 
already been d iscu ssed , namely th e ir  dependence on the commonly occurring  
iro n -b in d in g  proteins to g eth er  w ith some other component, antibody in
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the case  o f human sera and m ilk, which prevents th e production anc/ 
or uptake o f  iro n  c h e la tin g  a g en ts . The n o n -c e llu la r  b a c te r ic id a l  
mechanisms in  mammalian serum, m ilk and avian egg w hite appear to  
d if f e r  in  th a t each one has evolved  a p a r ticu la r  method fo r  in h ib it in g  
m icro-organism s.
In th e  la te  n in eteen th  century i t  was recognised  th a t the 
b a c te r ic id a l a c t iv i t y  o f fr e sh  serum depended on two fa c to r s . The 
f i r s t ,  heat sta b le  and s p e c if ic  fo r  each organism, was id e n t if ie d  as 
"antibody" and la t e r  shown to  belong to  the immunoglobulins. The 
second fa c to r , heat la b i le  and n o n -sp e c if ic , was designated  "complement". 
At p resen t, more than 20 components have been shown to  in te r a c t  in  the  
complement system (A d in o lf i ,  19Ô1) .  The in te r a c t io n  o f the complement 
system with an tigen -antibody complexes or d ir e c t ly  w ith b a c te r ia l  
p olysacch arid es r e s u lt s  in  the seq u en tia l a c t iv a t io n  of th e various  
components and the form ation o f m ultim olecular s tru ctu res  which cause 
b a c te r ia l c e l l  l y s i s .  Although some stra in s  o f E scherich ia  c o l i  are 
in s e n s it iv e  to th is  m a ter ia l o th ers are not ; furthermore mouse serum 
complement does not appear to be b a c te r ic id a l (Marcus ^  , 1954) •
This anomaly o f  complement behaviour su ggests  th at the fa c to r s  
c o n tr o llin g  b a c te r ia l growth vivo are s t i l l  not f u l ly  understood.
Mammalian m ilks d if f e r  s ig n if ic a n t ly  from each o th er . For 
example, human m ilk contain s more la c to s e  but l e s s  p ro te in  and phosphate 
than bovine m ilk and a lso  has a poorer b u ffer in g  cap acity  than th e  other  
(B u llen  and W il l is ,  1971)•  Human m ilk has a powerful b a c te r io s ta t ic  
e f f e c t  on E sch erich ia  c o l i  (B ullen  e t  a l . ,  1972) but bicarbonate has to  
be added before t h is  can be expressed . The n o n -sp ec if ic  b a c te r ic id a l  
e f f e c t s  on b a cter ia  observed with bovine milk (R e ite r  ^  , 1976) are
due m ainly to the presence o f  a lactop erox id ase  system togeth er with  
oth er le s s e r  stud ied  b a sic  a n t ib a c te r ia l protein s such as properdin.
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co n g lu tin  and the vitam in b inders fo r  and fo la t e  (R e ite r , l9 S l ) .
Although la ctop erox id ase  occurs in  the m ilk o f maqy sp ec ie s  i t s  
le v e l  in  human m ilk has been estim ated  a t about o f  the concen tration  
in  bovine m ilk . The system i s  l e s s  important in  human milk because o f  
the low amounts o f hydrogen peroxide and th iocyanate which are needed 
fo r  the system to  fu n c tio n . Thus human milk becomes b a c te r ic id a l  
only a fte r  the a d d itio n  o f  a source o f and SON (R e ite r , 19 8 l)•
The b a c te r ic id a l  system in  avian egg w hite i s  not r e s tr ic te d  to  
b ird s o f  the dom esticated v a r ie ty . This a n t ib a c te r ia l a c tio n  was a lso  
found in  the albumen o f  eggs o f  various waterfowl sp ec ie s  (F ig s . 36 
and 37) .  The ^ stem  in  egg albumen seems to operate in  the absence 
o f any antibody-complement system and an enzyme system (apart from 
p o ss ib ly  lysozym e). I t  depends on the high a lk a l in ity ,  achieved  
sh o r tly  a f te r  la y  by the lo s s  o f CÔ  across the s h e l l ,  super-imposed 
upon an iro n -d ep le ted , n u tr ien t d e f ic ie n t  environment. From the 
r e s u lt s  in  t h is  study the incubation  temperature o f the hen may a lso  
play a part in  preventing m icrobia l growth.
Although n a tu ra lly  occurring a lk a lin o p h ilic  micro-organisms are 
found in  s o i l s ,  a lk a lin e  lak es and springs (Grant and T in d a ll, 1980) 
where the pH can be as high as 10-12 , the optimum pH fo r  the growth 
o f most m icro-organism s i s  normally around n e u tr a lity . D espite th is  
some organisms in c lu d in g  the e n ter ic  b a c ter ia  are to lera n t to  pH 
values near 9 -10 . Indeed the a b i l i t y  to grow in  media o f about pH 
10 i s  one o f th e  c h a r a c te r is t ic s  o f  the enterococcus group (Chesboro 
and Evans, 1 9 5 9 ). The fa c t  th a t many micro-organisms are able to grow 
a t extreme pH va lu es suggests th a t they have some mechanism fo r  
m aintaining th e ir  in te r n a l pH c lo se  to n e u tr a li ty . The cytoplasm  
contains many a lk a l i - la b i l e  and a c id - la b ile  m olecules such as adenosine  
triphosphate (ATP) and DM which would be dram atically  a ffec te d  i f  the
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in t r a c e l lu la r  pH was alw ays th e  same as the e x t r a c e l lu la r  pH.
A c id o p h ile s  which exclude U* (Brown 1 980) and a lk a lin o p h i le s
which exclu de OH o r  r e ta in  (Langworthy, 1978) both m ainta in  t h e ir  
in t r a c e l lu la r  pH v a lu e s  c lo s e  to  normal p h y s io lo g ic a l  v a lu e s . The 
com plete e x c lu s io n  o f  io n s  v h ich  i s  thought to  occur by m e ta b o lic a lly  
a c t iv e  pumping mechanisms (Langworthy, 19 7 8 ), would very  l i k e l y  p la ce  
a s tr in g e n t  demand o n .c e l lu la r  en ergy . In  summary the r o le  o f  
a lk a l in e  pH in  th e  d efen ce system  o f  egg w h ite  may be tw o -fo ld . F i r s t l y ,  
i t  im poses a d d it io n a l  s t r e s s  upon an ir o n - d e f ic ie n t  and hence 
e n e r g e t ic a l ly  in s u f f i c i e n t  c e l l .  S econ d ly , i t  appears to  p reven t the  
b a c te r ia  from u s in g  t h e ir  u su a l scaven g in g  p r o c e sse s  when the medium 
i s  d ep le ted  o f  e x tr a c e l lu la r  ir o n .
In  d is c u s s io n s  o f  av ian  embryo log}' th ere  i s  a d is t in c t  tendency  
to  ign o re  th o se  system s which, through p r o te c t in g  the w hite  and y o lk  
from m icr o b ia l in f e c t io n ,  perm it embryo developm ent in  an environment 
i s o la t e d  from th a t  o f  th e  p a ren ts . The work done in  t h is  study has 
shown th a t  an a n t im ic r o b ia l system  e x i s t s  in  a v ia n  egg w h ites  which 
can op erate  in  th e  absence o f  any n eu ra l or hormonal c o n tr o l and w ithout 
th e  need fo r  energy consum ption. Indeed th e  un iqueness o f  t h is  system  
may re p r e se n t an extrem ely  o ld  form o f  d efence which has provided  the  
b a s is  fo r  the developm ent o f  th e  immunodefence system s observed in  
h ig h er  organism s.
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POSSIBLE PRACTICAL IMPLICATIONS OF THE ANTIMICROBIAL 
SYSTB'1 OBSERVED IN AVIAN EGG WHITES
I t  i s  now g e n e r a lly  reco g n ized  th a t colostrum  and m ilk  c o n ta in  a 
m u lt i f a c t o r ia l  a n t ib a c t e r ia l  system  th a t p r o te c ts  the newborn u n t i l  th e  
b od y 's  own d efen ce  system  i s  d eveloped  s u f f i c i e n t l y .  A notew orthy  
change in  in fa n t  n u tr it io n  in  t h is  cen tu ry  has been th e  move towards 
b r e a s t  feed in g  and av;ay from th e  use o f  h e a t- tr e a te d  cows m ilk .
Robinson ( l  951) rep o rted  th a t  th e m orb id ity  and m o r ta lity  r a te s  among 
3 ,266  c h ild r e n  in  Great B r ita in , were lo w est  in  b r e a s t - f e d  in fa n t s ,  
h ig h e s t  in  b o t t l e - f e d  in fa n ts  and in term ed ia te  in  th o se  p a r t ly  b r e a s t  
and p a r t ly  b o t t l e - f e d .  More r e c e n t ly  Mata ^  ( l9 ? 6 )  produced
con v in cing  ev id en ce from a survey o f  mothers in  Guatemala th a t e n te r ic  
in f e c t io n s  were lo w est in  suck led  in fa n t s  d e sp ite  a p p a llin g  c o n d it io n s  
o f  h y g ien e .
R ecent ev idence su g g ests  th a t th ere  are th ree  p o s s ib le  defence  
mechanisms o p era tin g  in  th e  b r e a s t - f e d  in fa n t .  F i r s t l y ,  th ere  i s  th e  
d ir e c t  in h ib i t io n  o f  growth o f  E sch er ich ia  c o l i  in  th e sm all in t e s t in e  
(B u lle n  ^  ^ . ,  1 972) . For m ilk to  be e f f e c t i v e ,  i t  must be r e l a t i v e l y  
unchanged when i t  reaches th e sm all in t e s t i n e .  Indeed Mason ( l 962) 
showed th a t l i t t l e  or  no p r o te o ly s is  occurred  in  th e  stomach o f  th e  
su c k lin g  in fa n t ,  presum ably as a consequence o f  th e  tr y p s in  in h ib it o r  
found in  human m ilk  (Laskowski and Laskowski, 1 951 )• B u llen  _et a l . .
1972 a ls o  dem onstrated a rap id  d e c l in e  in  the numbers o f  o r a l ly
ad m in istered  E sch er ich ia  c o l i  0111 in  both  the sm all and la r g e  i n t e s t in e  
o f  su ck lin g  gu inea p ig s  which cou ld  be reversed  by the a d d itio n  o f  ir o n  
in d ic a t in g  th a t th e  p r o te in  la c to f e r r in  was reach in g  th e se  organs 
u n a lte r e d . S econ d ly , th ere  i s  the p o s s i b i l i t y  th a t  m ilk  cou ld  p reven t  
adhesion  o f  p ath ogen ic s t r a in s  o f  E sch er ich ia  c o l i  to  the gut w a ll
(Nagy ^  1976) .  T h ird ly , human m ilk  i s  known to  encourage th e
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growth o f  a b a c t e r i a l  f l o r a  which ten d s  to exclude E s c h e r i c h i a  c o l i  
and o t h e r  e n t e r i c  b a c t e r i a  from th e  l a r g e  i n t e s t i n e  (B u l l e n  and n i l l i s ,  
1971)« Human m i lk  w i th  i t s  h igh  l a c t o s e  co n ten t  and low b u f f e r i n g  
c a p a c i t y  a p p ea rs  to p ro v id e  i d e a l  c o n d i t i o n s  f o r  t h e  development o f  
b i f i d o b a c t e r i a .  These organisms dominate the  gu t  f l o r a  and produce 
l a r g e  amounts o f  a c e t a t e  which lowers t h e  pH to  3»0 -3 .3  t h e r e b y  
s u p p re s s in g  th e  growth o f  e n t e r i c  b a c t e r i a  (B u l len ,  198l ) .  I n  c o n t r a s t ,  
b o t t l e - f e d  i n f a n t s  r e c e i v e  a h ig h  p r o t e i n ,  h igh  phosphorous,  low l a c t o s e  
d i e t .  No a c e t i c  a c i d  i s  produced by b a c t e r i a l  f e rm e n ta t io n  and th e  pH 
remains  r e l a t i v e l y  h ig h  a t  6 , 3 - 7 . 0  i n  a w e l l  b u f f e r e d  medium. This  
d i s c o u r a g e s  organisms such as  B i f id o b a c te r iu m  and encourages  a 
p u t r e f a c t i v e  f l o r a  (B u l l e n  and l / i l l i s ,  1971) .
For v a r io u s  r e a so n s  i t  i s  no t  always p o s s i b l e  to b r e a s t - f e e d  
i n f a n t s  ; tl:e baby may be premature  o r  th e  mother may be unab le  to  
produce s u f f i c i e n t  m i lk .  .Vhile a r t i f i c i a l  f e e d in g  o f  the  ne ..born i s  
r e l a t i v e l y  s u c c e s s f u l  i n  a s o p h i s t i c a t e d  s o c i e t y  such as c u r  o.vn because 
o f  t h e  h ig h  s t a n d a rd  o f  h yg iene ,  i t  can be a dangerous  p r a c t i c e  i n  
underdeveloped  c o u n t r i e s .  The p ro d u c t io n  o f  m i lk  fo r m u la t io n s  f o r  
i n f a n t s  i n v o lv e s  h e a t i n g  bovine  m i lk  and p ro c e s s in g  i t  to  a d r i e d  powder 
.‘.h icn  d e s t r o y s  th e  i r J i i b i t o r s  p r e s e n t .  Tl.e p r e p a r a t i o n  o f  such milk  
fc jn .rula tions  t o g e t h e r  w i th  i z f a n t  weaning foods  (ho . . land  and î ' cC o l l ’um,
1377 ; F a r r e l l  and Rowland, ipSO) a lmost i n v a r i a b l y  i n v o lv e s  w a te r  
o b ta in e d  from v i l3  ae>e wel?.s wiiich can be contami:n,ted to  th e  degree  o f  
10^*  ̂ b a c t e r i a  pe r  m i l l i l i t r e  (howkind and î'cColluin, 977) . p repared  
food may th e n  be s t o r e d  w i th o u t  be ing  cocked f o r  as long  as 12h b e fo re  
consumption.  I t  i s  l i t t l e  ..'onder t h e r e f o r e  t h a t  such pro,ducts a re  unsa fe  
e s p e c i a l l y  t o  th e  young i n f a n t .  S i m i l a r l y ,  fe ed ing  c a lv e s  on powdered 
milk  o f f e r s  l i t t l e  p r o t e c t i o n  a g a i n s t  i n f e c t i c n  as  the  a n t im ic ro b i  a l  
f a c t o r s  have been d e s t r o y e d  by th e  h e a t  p ro cess in g  (Ford  e t  _al. ,  1977).
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T his i s  w e ll  i l lu s t r a t e d  by the d i f f i c u l t y  in  rea r in g  c a lv e s  on form ula  
fe e d s  based on d r ie d  m ilk  u n le s s  th e  h y g ien ic  c o n d it io n s  are so good  
th a t  rea r in g  becomes uneconom ical.
The m ic r o b ia l c o n ten t o f  sp ra y -d r ied  baby m ilk  r e c o n s t itu te d  w ith  
s t e r i l e  d e io n ise d  w ater or s t e r i l e  b u ffe r  i s  shown in  T able 2 4 . The 
a d d it io n  o f  hen egg albumen to  t h i s  r e c o n s t itu te d  m ilk  ( l ; 3 ) had two 
major e f f e c t s .  F i r s t l y  th e ir o n  con ten t o f  the m ilk  v;as c h e la te d  by 
th e album en's o v o tr a n s fe r r in  and secon d ly  th e pH o f  the m ilk  ro se  from 
7 .0  to  3 .5*  M oreover th e  a d d it io n  o f  egg w h ite  r e s t r ic t e d  m ic r o b ia l  
growth in  th e  m ilk , an e f f e c t  th a t  was a ccen tu a ted  by an in c r e a se  in  
in cu b a tio n  tem perature (T ab le 2 5 )•  The r e s u l t s  in  Table 26 in d ic a te  
th a t  t h i s  e f f e c t  was not p u rely  an e f f e c t  o f  in cr ea se d  pH as m ilk  
r e c o n s t itu te d  in  phosphate b u ffe r  (pH 8 .0 )  s t i l l  had a h igh  m icr o b ia l 
con ten t when in cu b ated  overn igh t compared to  m ilk  w ith  egg w h ite  a t  
the same pH (T ab le  26 ; p la te  1 9 ) .  The a d d it io n  o f ir o n  to  a m ixture  
o f  m ilk  and egg w h ite  p o ised  a t  pH 6 .0  had an o p p o site  e f f e c t  in  th a t  
i t  reduced th e  m icro b ia l c o n te n t . T his may have been due to  a d ecrease  
in  a f f i n i t y  fo r  the ir o n  by o v o tr a n s fe r r in  a t  t h is  pH ; the red u ctio n  
in  numbers a r i s in g  from a t o x ic  e x c e ss  of t h i s  e lem en t.
The e f f e c t s  o f  egg albumen on the m ic r o flo r a  o f  d ried  m ilk  can be 
mimicked (T able 27) to  some e x te n t  by the a d d it io n  o f a commercial 
p rep a ra tio n  o f  o v o tr a n s fe r r in , the p r in c ip a l in h ib i t o iy  component in  
egg w h ite . A lthough the red u ctio n  in  numbers was not q u ite  so marked 
as w ith egg w h ite  i t s e l f ,  o v o tr a n sfe r r in  d id  ach ieve  some r ed u c tio n  in  
the growth o f  m icro-organ ism s during in c u b a tio n . I t  was n o tab le  during  
th e  work w ith  o v o tr a n s fe r r in  in  m ilk  th a t  th e a d d itio n  o f  the c h e la te  
s e le c t e d  fo r  a m icr o flo ra  composed alm ost e n t ir e ly  o f  B a c i l lu s  spp. 
where b e fo re  a mixed p o p u la tio n  co n ta in in g  members o f th e  genera B a c i l lu s . 
M icrococcus, Pseudomonas and coryneform organism s were p r e se n t .
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A lthough th e  major part o f  t h i s  study was concerned w ith  th e  
id e n t i f i c a t io n  and in t e r - r e la t io n s h ip  o f  th e  fa c to r s  in v o lv e d  in  the  
a n tim ic r o b ia l d efen ce system  o f  av ia n  egg albumen, an in t e g r a l  part 
o f  th e  work was to  examine ai%r p r a c t ic a l  a p p lic a t io n  the n a tu ra l system  
m ight have w ith  r e sp e c t  to  p ro lo n g in g  the s h e l f  l i f e  or p rev en tin g  th e  
con tam in ation  o f  com m ercia lly  a v a i la b le  fo o d s t u f f s .  The search  fo r  
in h ib it o r s  o f  m ic r o b ia l growth th a t  cou ld  be used as e f f e c t i v e  
p r e s e r v a t iv e s  o f  p e r ish a b le  f o o d s tu f f  and f e e d s t u f f  i s  p a r t ic u la r ly  
a c t iv e  a t  th e  p resen t tim e because o f th e  stron g  lobby a g a in s t  th e use  
o f  'chem icals*  and p r e se r v a t iv e s  in  food  p r o c e ss in g . T his in  turn  i s  
fo r c in g  the m anufacturer to  tu rn  h is  a t te n t io n  av/ay from sy n th e t ic  and 
r e l a t i v e l y  unknov;n p r e se r v a t iv e  system s towards more n a tu r a lly  o ccu rr in g  
and th e r e fo r e  com m ercially  a c c e p ta b le  system s.
I t  i s  becoming an in c r e a s in g ly  popular id ea  to  supplem ent form ulated  
f e e d s ,  l ik e  th e  ones d escr ib ed  above, w ith  one or more components o f  
th e  a n t im ic r o b ia l d efen ce system s d isc u sse d  in  t h i s  t h e s i s .  Indeed  
R e ite r  ( l 9 8 l )  has d isc u sse d  th e  id ea  o f  supplem enting powdered m ilk  
w ith  th e  la c to p e r o x id a se  system  to  suppress th e  b a c te r ia l  contam ination  
th a t  occu rs during i t s  r e c o n s t i t u t io n .  He a ls o  s t a t e s  th a t hen egg  
w h ite  lysozym e has been added to  baby fe e d s  but w ith  l i t t l e  s u c c e s s .  
A lthough serum, m ilk  and egg w h ite  a l l  co n ta in  t h is  enzyme, the _in v iv o  
or in  ovo r o le  o f  t h i s  enzyme i s  s t i l l  unknov/n. I t  i s  u n fortun ate  th a t  
because egg w h ite  i s  th e r ic h e s t  and most e a s i l y  a v a ila b le  source o f  
lysozym e, most o f  i t s  a n t i - b a c t e r ia l  a c t i v i t y  has been in c o r r e c t ly  
matched w ith  lysozym e from e i th e r  o f  th e  o th er  system s (R e ite r ,  1 9 7 8 ) .
I t  i s  l i t t l e  known f o r  in s ta n c e , th a t hen egg w hite  lysozym e has a much 
low er a c t i v i t y  than lysozym e from e i t h e r  o f  th e o th er  sy stem s, R e i t e r 's  
o b se r v a tio n s  confirm  th e  co n te n tio n  upheld by t h i s  stuc^ th a t  lysozym e  
does n ot p la y  a primary r o le  in  th e  a n t ib a c t e r ia l  a c t i v i t y  o f  hen egg  
w h ite . The a d d it io n  o f unsupplemented hen egg w hite  (T ab le 26) or ir o n -
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f r e e  p u r if ie d  o v o tr a n s fe r r in  (T able 27) to powdered baby m ilk however 
su g g e s ts  th a t  th e se  are b e t te r  su ite d  than lysozym e to  d ea l w ith  
b a c t e r ia l  con tam in ation . Indeed th e a n t i-p r o te a s e  f a c to r s  (ovomucoid  
and o v o in h ib ito r )  in  egg w hite cou ld  w e l l  p lay an im portant r o le  in  
en su r in g  th a t  the a n tim ic r o b ia l p r o te in s  are p ro tec ted  in  the upper 
p o r tio n  o f  th e  in fa n ts '  g a s t r o - in t e s t in a l  t r a c t .
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TABLE 24
THE MICROBIAL CONTENT OF RECONSTITUTED DRIED BABY MILK.
M icro-organism Media Range o f  v ia b le  
c o n ten t
T o ta l A erobic count P la te  Count Agar * 1-1500
A erobic spore form ers P .E .G .Y .E . Agar * 0-100
L a c to b a c i l l i M.R.S. Agar * -
Moulds Malt Agar * 0 -3
* S tored  a t  30°C and 37°C and examined d a ily  over a th ree  day p er io d . 
Number o f  samples examined = 1 2
TABLE 25
THE EFFECT OF EGG WHITE AND TET̂ EERATURE ON THE GROWTH OF THE 
MICROFLORA OF RECONSTITUTED DRIED BABY MILK.
In cu b a tio n
Temperature
(°C)
V iab le  counts /  ml *
R eco n stitu te d  M ilk  
fo r  l 8h
R eco n stitu ted  M ilk + Egg 
White in cu b ated  fo r  18h
6 8.1 X 10^ 15
30 4 .4 X 10^ 5
3 9 .5 2 .2 X 10^ -
I n i t i a l  M icro b ia l load  = 10 v ia b le  c e l l s /m l
* P la te  count agar a t  30°Q fo r  3 days and examined d a i ly .
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TABLE 26
THE EFFECT OF pH AND IRON CONCENTRATION ON THE INHIBITION OF THE 
MICROFLORA OF RECONSTITUTED BABY MILK BY HEN EGG WHITE.
V iab le count / m l  *
pH m ilk  h e ld  a t  37°C 
fo r  l8 h
m ilk  co n ta in in g  egg 
w hite h e ld  a t  37 C 
fo r  18h
m ilk  co n ta in in g  ir o n -  
sa tu r a ted  egg w hite  
h e ld  a t  37°0 fo r  l8 h
6 ,0  6 .6 2  X 10^ 7 .7 3  X 10^ 1 .5  X 10^
7 .0  5 .5 5  X 10® 23 3 .7 2  X 10''°
8 .0  10® 4 .0 0  X 10^ 3 .2 0  X 10
I n i t i a l  M icro b ia l load =5 2 . 3 - 3 .5  v ia b le  c e l l s  /  ml
* P la te  count agar incubated  a t  30°0 and 37°0 fo r  3 
examined d a i ly .
days and
TABLE 27
THE EFFECT OF OVOTRANSFERRIN AIH) pH ON THE GROWTH OF THE MICROFLORA
OF RECONSTITUTED DRIED BABY MILK.
V iab le  count / m l  *
pH m ilk  h e ld  a t  37°C 
fo r  l 8h
m ilk  co n ta in in g  egg  
Y/hite h e ld  a t  37°0  
fo r  l 8h
m ilk  co n ta in in g  
o v o tr a n s fe r r in  h e ld  
a t  37°C fo r  l 8h
7 .2  2 .2 4  X 10^ 2 .0 0  X 10^ 1 .5  X 10^
8 .6  3 .46  X 10*̂ - 2 .5  X 10^
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LIST OF GENERIC AID SPECIFIC NAÎŒ8
The a v ia n  s p e c ie s  in  t h i s  t h e s i s  are r e fe r r e d  to  by t h e ir  common 







Duck, North American Ruddy
Duck, Peking
Duck, South American Ruddy 
Duck, W h ite-faced  W h istlin g  
Duck, 'w hite-w inged wood 
Fowl, dom estic  
G oldeneye, Barrow's 
G oldeneye, European 
Goose, A le u t ia n  Canada 
Goose, B arnacle  
Goose, Emperor 
Goose, G reater Snow 
Goose, P a c i f ic  W h ite-fron ted  
Goose, R ed -breasted  
Goose, , 'h ite  Embden 
Penguin , A d e lie  
P h easan t, Golden
C asuarius a r u e n s is
H etero n etta  a t r i c a o i l l a  *
S a rk id io r n is  m elanotos m elanotos *
Dom estic
A ix g a le r ic u la ta
Ox.yura ja m a icen sis  
Anas platyrh.ynchos 
Oxyura sp .
Dendrocygna v id u ata  *- 
C airina moschata  
G allus d om estieus 
Bucephala is la n d ic a  
Bucephala c la n g u la  c la n g u la  
Branta  can ad en sis  
Branta le u c o p s is  
Anser canagicus
Anser ca e r u le sc e n s  a t la n t ic u s  * 
Anser a lb ifr o n s  
Branta r u f i c o l i s  
Dom estic
P y g o s c e l is  a d e lia e  
C hrysolophus p ic tu s
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Q uail, Japanese  
Shelduck, European 
Smew
S p o t b i l l ,  C hinese  
Swan, Bewick 
Swan, Black  
Swan, B lack-necked  
T ea l, Puna 
T ea l, R inged
C oturnix co tu rn ix  jap on ica  
Tadorna tadorna  
Mergus a lb e l lu s
Ansa p aecilorhyncha zonorhyncha *
Cygnus columbianus
Gygnus a tr a tu s
Cygnus melanocoryphus
Anas v e r s ic o lo r  puna
C alon etta  leucophrys
* A u th ority
"A co lou red  key to  the Y /ild fow l o f  the World" ( l9 7 2 )  
P eter S c o t t ,
The W ildfow l T ru st : Cambridge, G los.
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APPENDIX
COMMON METHODS FOR THE PURIFICATION OF AVIAN EGG WHII'E PROTEINS 
INVOLVED IN THE ANTIMICROBIAL DEFENCE SYSTEM.
Lysozyme
D ir e c t c r y s t a l l i z a t i o n  from egg 
w hite co n ta in in g  5^ (w /v ) NaCl 
a t pH9,3
Ion exchange chromatography on 
c a rb o x y m eth y lce llu lo se  (CI.ÎC)
Ion exchange chromatography on 
d ie ty la n in o e th a n o I c e l lu lo se ( DEAL)
Ion exchange chromatography 
fo llo w ed  by g e l  f i l t r a t i o n
A ld erton  and F evold  ( 1946)
Rhodes _et (1958)
M andeles ( i9 6 0 )
J o l i e s  e t  ( 1962)
Arnheim _et ( l9 o 9 )
O v otran sferr in
( 1114)2304 fr a c t io n a t io n  from egg  
w hite
Ethanol f r a c t io n a t io n  from egg 
w hite
Ion exchange chromatography on 
ca rb o x y m eth y lce llu lo se
C r y s ta l l iz a t io n  from egg w hite  
u sin g  (I'M, )_S0 fo llo w ed  by ioJ
4 2  4
exchange chromatography
Osborne and Campbell {^^00)
Bain and D eutsch ( l9 4 8 )
Rhodes e t  a l .  ( l9 5 8 )
A zari and Baugh ( l9 6 ? )
Avidin
A cetone and s a l t  f r a c t io n a t io n  
from egg w h ite
A bsorption  onto b e n to n ite
Ion exchange chromatography on 
CMC
Eakin ^  ( l 9 4 l )
F raenkel-C onrat ( l9 5 2 a )
Rhodes _et a i .  ( l9 5 8 )
Melamed and Green ( 1963)
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A vid in  continued
A f f i n i t y  chromatography u s in g  
Sepharose
CMC chromatography fo l lo w e d  by  
c r y s t a l l i z a t i o n
C uatrecasas and 'wilchek
Green and Toms ( l9 7 0 )
O voflavop ro te ln
DEAE chromatography fo l lo w ed  by 
chromatography
Rhodes ^  ( l9 5 9 )
F a r r e l l  ^  (l9&9)
Ovomucoid
T r ic h lo r o a c e t ic  a c id  (TCA) 
p r e c i p i t a t io n  o f  egg w hite  
p r o te in s  a t  pH3,5 fo l lo w e d  
by aceton e  p r e c i p i t a t io n  o f  
th e  TCA s o lu b le  f r a c t io n
Ion  exchange chromatography
Lineweaver and Murray ( l9 4 7 )
Rhodes _et ( l9 6 o )
O v o in h ib ito r
Ion  exchange chromatography o f  
TCA p r e c ip i t a t e d  ovomucoid
( RH^)2^^^ f r a c t io n a t io n  fo l lo w e d  
by g e l  f i l t r a t i o n  and DEAE 
chromatography
Tomimatsu e t  a l .  ( l9 6 6 )  
Liu ^  ( l  971 )
D avis £ t  ( l  969)
F ic in  and Papain in h ib ito r
(I'M, )_S0, f r a c t i o n a t i o n  fo l lo w ed  
by g e l  f i l t r a t i o n  and io n  exchange 
chromatography
Fossura and V/hitaker ( 1 9 6 8 )
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S p o r e s  o f  Bacillus cereus T  g e r m i n a t e d  a n d  f o r m e d  v e g e t a t i v e  c e l l s  i n  T r y p t o n e  S o y a  
b r o t h  ( T S B ) ,  p H  9 0  a n d  7 * 4  a t  3 0 * C .  S p o r e s  g e r m i n a t e d  b u t  d i d  n o t  f o r m  v e g e t a t i v e  
c e l l s  w h e n  s u s p e n d e d  i n  h e n  e g g  w h i t e  ( p H  9 0 )  s u p p l e m e n t e d  w i t h  L - a l a n i n e  a n d  
i n o s i n e .  U s i n g  a  s p l i t  i m a g e  e y e p i e c e ,  t h e  v o l u m e s  o f  g e r m i n a t i n g  s p o r e s  i n  e g g  w h i t e  
w e r e  s e e n  t o  i n c r e a s e  a s  a  r e s u l t  o f  i n c r e a s e s  i n  b o t h  l e n g t h  a n d  b r e a d t h .  I n  T S B  
a t  t h e  s a m e  p H ,  t h e  m a j o r  v o l u m e  i n c r e a s e  r e s u l t e d  f r o m  a  p r o g r e s s i v e  i n c r e a s e  i n  
c e l l  l e n g t h .  E g g  w h i t e  s u p p l e m e n t e d  w i t h  L  a l a n i n e  a n d  i n o s i n e  ( p H  7 * 6  3 0 * C )  
a l l o w e d  l i m i t e d  o u t g r o w t h  t o  o c c u r  b u t  t h e  v e g e t a t i v e  c e l l s  d i f f e r e d  i n  m o r p h o l o g y  
t o  t h o s e  i n  T S B .  F ^ N H * ) 2( S 0 4 ) , . 6 H % 0  o v e r c a m e  t h e  i n h i b i t i o n  o f  o u t g r o w t h  i n  
e g g  w h i t e  a t  p H  7 * 8  b u t  n o t  i n  e g g  w h i t e  a t  p H  9 * 1 .  S o l u t i o n s  c o n t a i n i n g  t r a c e  
e l e m e n t s ,  g r o w t h  f a c t o r s  a n d  c a s a m i n o  a c i d s  c o u l d  n o t  r e p l a c e  i r o n  i n  t h i s  r e s p e c t  
S p o r u l a t i o n  o c c u r r e d  i n  e g g  w h i t e  o n l y  w h e n  i r o n  w a s  p r e s e n t
Avian egg white inhibits the growth of the vegeta­
tive cells of Gram  negative bacteria (Board 
1964; Ayres & Taylor 1956; Seviour & Board 
1972; Board & Halls 1973), fungi (Silva & 
Buckley 1962) and yeasts (Schade & Caroline 
1944; Silva & Buckley 1962). The older literature 
leaves the impression that lysozyme is an impor­
tant, perhaps the major, com ponent of the egg's 
antimicrobial defence. This can be attributed to 
the work of Fleming (1922) who observed lysis 
of bacteria by egg white. It is notable, however, 
that he used organisms such as Micrococcus 
lysodeikticus which are easily lysed by this 
enzyme. As yet there is no evidence (Board 1969) 
to support the notion that lysozyme plays an 
im portant role in protecting table eggs during 
their storage and distribution. O f the many 
biologically active proteins of the egg white 
(Osuga & Feeney 1974) the chelator ovotrans- 
ferrin is probably of much greater importance 
(Board & Hornsey 1979) because it deprives
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micro-organisms of Fe’ ^, a  property that is 
accentuated by the alkaline nature (pH 9-10) 
of avian egg whites (Sharp & W hitaker 1927)l 
Thus, Schade & Caroline (1944) overcame the 
inhibition of bacterial and yeast growth by 
saturatingovotransferrin in egg white with Fe^*.
The fate of bacterial endospores in egg white 
has attracted little attention. Indeed, Lascht- 
schenko (1909), who noted the lysis of spores of 
Bacillus subtilis, appears to  be the only person 
to study the fate of endospores in egg albumen.
This communication presents evidence that 
through chelation of Fe* * by ovotransferrin, egg 
white influences the swelling of germinating 
spores and prevents the outgrowth of normal 
vegetative cells.
M a t e r i a l s  a n d  M e t h o d s
EGGS
Eggs of the domestic hen were stored at 4“C 
and used within 2 weeks of laying.
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A L B U M E N
The white of the eggs was harvested asepticaily 
by swabbing the shell with 70% (v/v) ethanol, 
cracking the shell with a flamed scalpel and col­
lecting the contents in a sterile Petri dish. The 
whites from several eggs were removed with 
sterile 10 ml wide-bore pipettes, collected in a 
sterile screw-capped bottle and mixed by gentle 
shaking. When required, the pH of the white was 
reduced by slowly passing a gas mixture (5% 
C O i-10%  O j-85%  N j) over the surface of the 
egg white in a sterile Erlenmeyer flask.
A D D ITIO N S TO THE ALBUMEN
G erm nants
To a id  g e rm in a t io n  o f  e n d o sp o re s  L-alanine a n d  
inosine  (final c o n ce n tr a t io n s  10 a n d  1 mmol/1, 
respectively) w ere  a d d e d  to  egg white.
Trace element solution
This contained (per litre distilled water): NaCl 
0-3g ;(N H 4)jSO *0 6 6 g;Z nS0 4 .7H j0 O il  mg; 
CaS0 4 .7H j0  O i l  mg; M nClj.4HaO 063 mg; 
MgS0 4 .7H2 0  014  mg. One millilitre of this 
filter-sterilized (045 pm ;  Oxoid Ltd) solution 
was added to 25 ml of egg white.
Growth fa c to r  solution
This contained (mg/1 distilled water): p-amino- 
benzoic acid lOO; folic acid 10; thiamine 10; 
cyanocobalamin 10; nicotinic acid lO ; pantothe­
nic acid 10; riboflavin 10; biotin 10. One milli­
litre of this filter-sterilized solution was added to 
25 ml of egg white.
M E D I A
Tryptone Soya broth (TSB) (Oxoid Ltd) was 
made up at a concentration of30g/l in 0-2 mmol/1 
Tris-H C l buffer (pH 7-4 or 90 ) and sterilized 
at 12I'C /15 min.
PRO D U C TIO N  AND CLEA NING OF 
SPORES
Bacillus cereus  T  was grown at 30“C on Potato 
Glucose Yeast Extract agar (pH 7 2) which 
contained (% w/v): potato extract (Difco) 0-4; 
glucose 0-25; yeast extract (Difco) 0-4, in enamel 
trays. When sporulation was complete and the 
sporangia had lysed, the spores were washed off 
the agar with ice-cold distilled water, washed a 
further six times and harvested by repeated 
centrifugation (16000g). Suspensions were clean­
ed of vegetative cells and debris by discarding 
the uppermost layers of the pellets obtained by 
centrifugation. The clean spore suspensions were 
stored at — 20"C.
EXPERIMENTAL TECHNIQUE
To ensure rapid germination, spore suspensions 
were activated by heating at 70*C/30 min before 
inoculation into egg white and TSB, to give a 
final concentration of 10* spores/mL Portions 
(25 ml) of TSB and egg white (supplemented 
with L-alanine and inosine) were incubated with 
gentle shaking (60 shake^m in) in Erlenmeyer 
flasks in a water-bath at 30*C. Immediately and 
at regular intervals after inoculation and mixing, 
a 1 ml sample was removed and mixed with 4 ml 
of saline-fbrmaldehyde (l-5%-4% w/v) to 
arrest further spore germination and outgrowth.
Casamino acid solution
Vitamin-free casamino acids (Difco Ltd) were 
filter-sterilized and added to egg white to give 
a final concentration of 10 mg/ml.
Iron solution
A solution of filter-sterilized Fe(NH4)j(S0 4 )2, 
6H 2O was added to give a final concentration 
of 20 pg  iron/ml.
MICROSCOPY
Germination
A drop of the spore-saline-formaWehyde sus­
pension was placed on a clean microscope slide 
and viewed by phase-con trast microscopy. Three 
hundred spores, present in ten randomly selected 
fields of view, were scored as phase bright or 
phase dark and the ratio of germinated (dark) 
to ungerminated (bright) spores expressed as a 
percentage.
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Length and breadth o f  the spores
A vernier scale image-splitting eyepiece (Vickers 
Instruments Ltd) was used and the lengths and 
breadths of 100 spores in five fields of view 
measured.
Outgrowth
There are five stages in the outgrowth of vegeta­
tive cells from spores of B. cereus T  (see Fig. 3). 
The relative percentages of these stages in the 
population were determined by counting 200 of 
the spore/vegetative forms.
Morphology
Vegetative cells that had outgrown from spores 
were examined for shape, size, presence of spores, 
lipid granules (Burdon 1946) and Gram reaction.
S T A T I S T I C A L  A N A L Y S I S
The mean length and breadth of the spores in 
egg white and TSB (both a t pH 9-0 and 30“C) 
were calculated from 100 samples, in each case 
the standard deviations were determined and the 
lengths and breadths in the two media compared 
using Student's t  te s t
Results
Eighty per cent of the spores suspended in TSB 
(pH  90) and hen egg white (pH 90), supplemented
w i t h  L - a l a n i n e  a n d  i n o s i n e ,  g e r m i n a t e d  w i t h i n  
2 0  m i n .  T h e  r a t e  o f  g e r m i n a t i o n  w a s  t h e  s a m e  
i n  b o t h  m e d i a .
S W E L L I N G
The increases in the lengths and breadths of spores 
germinating in egg white (pH 90), supplemented 
with L-alanine and inosine, were greater than 
those in TSB at the same pH (Table 1; Figs la  
& b). With the latter, the breadth of the spores 
did not increase significantly after 45 min but the 
length increased markedly (Table 1) until cell 
outgrowth occurred. In egg white, however, there 
was an increase in both length and breadth from 
60 min onwards as the germinating spore entered 
a second phase of swelling resulting in a 'balloon­
like' form. Both vegetative cell formation in TSB 
and the second phase of swelling in egg white 
occurred at approximately the same time indicat­
ing that, in egg white, growth continued but 
outgrowth was inhibited. The exact cause of this 
swelling is unknown but apart from a small 
percentage (about 2%) none of these swollen 
forms proceeded to vegetative cell formation.
Changes in the volume of spores in TSB (pH 
90 ) and egg white (pH 90 ) supplemented with 
L-alanine and inosine are shown in Fig. 2. The 
volume of the spores in the latter continued to 
increase for about 4 h but no free vegetative cells 
were seen. Vegetative cell outgrowth from the 
spores in TSB occurred after about 70-80 min.
T a b i c  1 .  L e n g t h s  a n d  b r e a d t h s  o f  Bacillus cereus T  s p o r e s  i n  T r y p t o n e  
S o y a  b r o t h  a n d  h e n  e g g  w h i t e  ( p H  9 - 0 )
T i m e T r y p t o n e  S o y a
( m i n ) b r o t h E g g  w h i t e 1 v a l u e
0 M L t O ^ I 8  ±  0 - 1 2 9 0 0 6 6 0 6  ± 0 0 9 4 2 - 1 - 3 2 2 3 *
M B  0 - 4 3 5 9  ±  0 0 7 9 5 0 4 0 9 7  ±  0 0 6 7 7 - 2 - 5 2 7 0 * *
1 0 M L  0 - 8 0 6 9  ± 0 - 1 0 1 0 0 8 7 6 4  ± 0 1 4 2 0 3 - 9 8 5 0 * * *
M B  0 - 5 6 8 8  ±  0 0 6 8 3 0 6 1 3 7  ± 0 0 6 2 1 3 - 4 5 1 0 * * *
2 0 M L  0 - 8 2 0 4  ± 0 - 1 2 3 0 0 9 5 9 4  ± 0 1 4 4 0 7 - 3 4 3 4 * * *
M B  0 - 6 0 4 4  ±  0 0 7 4 4 0 6 6 8 1  ± 0 0 6 3 5 6 - 5 0 8 5 * * *
3 0 M L  0 - 8 8 1 9  ± 0 - 1 2 9 0 0 9 6 7 3  ± 0 1 3 2 0 4 - 6 2 4 0 * * *
M B  0 6 5 4 7  ± 0 0 7 1 8 0 6 8 2 7  ±  0 0 6 2 0 2 - 9 6 1 0 * * *
4 5 M L  0 9 4 4 8  ± 0 1 7 4 0 0 9 8 9 8  +  0 1 3 6 0 2 0 4 0 9 * * * *
M B  0 6 5 7 3  ±  0 0 8 0 7 0 7 0 2 3  ±  0 0 6 2 3 4 - 4 1 9 6 * * *
6 0 M L  1 0 9 2 7  ± 0 1 9 5 0 1 - 1 6 7 9  ± 0 1 9 5 0 2 - 7 2 6 9 * *
M B  0 6 7 9 7  ± 0 0 6 1 9 0 7 8 5 4  ±  0 0 8 0 5 1 0 4 1 9 0 * * *
t  M L  “ = m e a n  l e n g t h ;  M B  -  m e a n  b r e a d t h ;  b o t h  i n  / i m .
* P <0-10;** P < 0 0 0 5 ;  • • •  P  <  0 0 0 0 5 ;  • * * *  P  <  O O l ;  n  -  1 0 0 .
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F i g .  1 .  I n c r e a s e s  i n  ( a )  b r e a d t h  a n d  ( b )  l e n g t h  o f  s p o r e s  s u s p e n d e d  i n  # ,  e g g  w h i t e ;  a n d  O ,  T r y p t o n e  S o y a  
b r o t h  ( b o t h  a t  p H  9 b ) .  T h e  c u r v e s  w e r e  f i t t e d  f r o m  t l i e  e q u a t i o n :  y  —  B  —  A{1 —  w h e r e  X  —  y  v a l u e  a s  
t t e n d s  t o  o o  a n d  B  —  y  a t  t  =  0 .
VEGETATIVE CELL OU TG R O W TH
The germinated spores Of B. cereus T  in TSB 
passed through five stages (Fig. 3) resulting in 
free vegetative cells. Samples taken after 60 min 
in TSB (pH 7*4 and 90) showed a progressive 
shift from the fully germinated spore (stage a, 
see Fig. 3), to the Âree vegetative form (stage e).
There was very little vegetative cell formation 
in egg white (pH 9 0  and 7 6) supplemented with 
L-alanine and inosine, even after 3 h incubation 
(Fig. 3). The cells appeared structurally weak and 
they were always associated with the spore coat. 
If left overnight, however, some of the spores in 
egg white (pH 7*6) formed free vegetative cells 
but these differed from those in TSB in that the
F i g .  2 .  I n c r e a s e  i n  v o l u m e  o f  
s p o r e s  s u s p e n d e d  i n  • . e g g  
w h i t e ;  a n d  O .  T r y p t o n e  
S o y a  b r o t h  ( b o t h  a t  p H  
9 - 0 ) .  T h e  v o l u m e  o f  t h e  
s p o r e s  w a s  c a l c u l a t e d  o n  t h e  
a s s u m p t i o n  t h a t  t h e  g e o ­
m e t r y  o f  a  s p o r e  i s  a  p r o l a t e  
s p h e r o i d ,  f  O u t g r o w t h  o c ­
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F i g .  3 .  S t a g e s  i n  t h e  o u t g r o w t h *  o f  A x r i / / u s  
cereus T  f r o m  s p o r e s ,  ( a )  s w o l l e n  s p o r e ;  ( b )  
e l o n g a t e d  s w o l l e n  s p o r e ;  ( c )  e m e r g i n g  
v e g e t a t i v e  c e l l ;  ( d )  e m e r g i n g  v e g e t a t i v e
  c e l l s  s h o w i n g  d i v i s i o n ;  ( e )  f r e e  v e g e t a t i v e
•bu« cells.
size and shape were irregular and there was no 
sign of spore formation unlike those from spores 
in TSB. The cells retained their G ram  reaction 
and contained a small am ount of lipid in granule 
form. Casamino acids, growth factors o r trace 
elements added to  egg white (pH 7*6) supple­
mented with L-alanine and inosine had no effect 
on the inhibition of outgrowth, however, a t this 
pH iron removed the inhibition and allowed 
extensive outgrowth to  take place. The cells 
formed in this case had a similar morphology to 
those that emerged from spores in a rich medium 
such as TSB. The cells were similar in size and 
shape but appeared very granular due to the 
presence o f large am ounts of lipid. They stained 
G ram  positive and many of the cells contained 
spores when left overnight Iron had no effect 
on the inhibition of outgrowth by egg white (pH 
9*1) supplemented with L-alanine and inosine.
Discussion
In most biological fluids near pH  7 and in 
equilibrium with atmospheric oxygen, F e '*  will 
be oxidized to F e ' * which is readily hydrolysed 
to form polynuclear complexes of extremely low 
solubility (Spiro & Saltman 1969). Such iron is 
unavailable to micro-organisms unless they are 
able to solubilize the clement from these poly­
mers by the formation of powerful chelates, the 
siderophores (Snow 1970; Neilands 1972; Lank­
ford 1973). The synthesis of these chelates is 
enhanced by iron-deficient conditions and in 
most cases they are excreted into the medium 
where they complex and solubilize iron present 
before being taken back into the cell by specific 
transport systems (Cox et at. 1970; Langman 
et a i  1972; Kadner & Bassford 1978).
Avian egg white, by virtue of its content of 
ovotransferrin is essentially an iron-deficient 
medium, a  condition accentuated by its high 
alkalinity. In order to grow in this environment, 
micro-organisms would have to compete with 
this protein for the iron presenL Garibaldi (1970; 
1971; 1972) suggested that microbial iron-trans­
port com pounds play a significant role in revers­
ing the bacteriostatic action of ovotransferrin 
and that the synthesis of these com pounds is 
affected a t higher growth temperatures.
O ram  & Reiter (1968) showed that lactoferrin, 
the iron-binding protein of milk, w hidi is similar 
in its action to ovotransferrin, inhibited the out­
growth from spores of B. stearothermophilus and 
B. subtilis. These observations confirmed the 
earlier work of Busta (1966) and Ashton & Busta 
(1967). Both sets o f workers showed that iron 
could overcome the inhibition. The majority of 
their work was done using nutrient agar in Petri 
dishes seeded with the spores and inhibitor added 
to  a well in the agar or in a paper disc. Thus, 
the conditions differed from those of spores sus­
pended in egg white because of the differences in
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the diffusion and nutritional characteristics of the 
two systems.
It has been shown in this study that of the 
three main stages in B. cereus T  spore develop­
ment—germ ination;swelling;outgrowth (Hitch- 
ins et al. 1963)—only the last two stages 
are affected by hen egg white. The second phase 
of swelling that occurs with spores suspended 
in egg white (pH 9-0) supplemented with L-alanine 
and inosine is possibly due to the synthesis of 
vegetative cell m aterial; however, because out­
growth is inhibited the spore increases in volume 
as a consequence. It is also noteable that a 
marked swelling sometimes occurs when out­
growth is inhibited by other chelating agents 
such as ethyl picolinate (Pandey & Solanki 1980) 
and polyphosphates (Gould 1964).
In the same way that saturation of ovotrans­
ferrin with iron relieves the inhibition of bacterial 
growth in egg white (Garibaldi I960; Board 1964), 
so iron relieves the inhibition of vegetative out­
growth from B. cereus T  spores, but only when 
the pH  of the egg white is lowered from 9-0 to  
7*9. I t would appear then that both the high pH 
of the egg white and its iron-deficient state are 
responsible for inhibition of outgrowth. Any 
vegetative cells that emerge from spores in egg 
white (pH 7*6) supplemented with L-alanine and 
inosine appear to have problems such as unequal 
division and growth which are overcome by the 
addition of iron so that although the exact 
mechanism of inhibition is unknown, iron does 
appear to be involved at some stage during out­
growth.
As growth proceeds the physical and chemical 
requirements become identical to those for 
normal vegetative growth. Just if, and how soon, 
the vegetative form can synthesize iron-transport 
compounds is unknown. There is no evidence 
that these compounds are present in bacterial 
endospores; thus, it is probably the poor capacity 
for obtaining iron that interferes with the further 
development of the swollen and newly emergent 
cells. It was incidentally noticed that spore for­
mation within vegetative cells in egg white occur­
red only when iron was present suggesting a 
possible requirement for this ion for sporulation.
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